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SUMMARY 
 
This thesis investigates factors affecting demand for heat pumps in the residential sector in England 
and Wales. There are three objectives: to identify the macroeconomic and sociodemographic factors, 
environmental aspects, climatic conditions and policies that led to the mass deployment of heat 
pumps in other European countries; to assess the optimal level of heat pump adoption from a societal 
perspective taking account of environmental externalities; and to identify policies that could result in 
the mass-market deployment of heat pumps in the UK. Following reviews of studies on consumer 
preferences for heating systems, and markets and policies to promote heat pumps in eight European 
countries, two quantitative approaches are followed. The first is an econometric model based on panel 
data which estimates the impact of macroeconomic, sociodemographic and environmental factors on 
the demand for heat pumps in Austria, Finland, France, Germany, Sweden, Switzerland and the UK. 
The role played by three types of policies, financial/fiscal, informative and legislative, is investigated. 
These are found to have been significant factors in promoting heat pump take-up. A bottom-up 
techno-economic model simulating the choice of heating systems in the existing housing stock in 
England and Wales is then developed and is used to assess optimal heat pump take-up and policies 
that might promote their adoption. Capital cost subsidies, used in most European countries, are 
considered alongside the Renewable Heat Incentive approach adopted in the UK. The implications of 
adding the policy costs of support for renewable energy and energy efficiency to electricity prices, 
tilting the market against electric technologies, are also considered. The thesis concludes that financial 
incentives are needed to build heat pump markets, but they are not enough in themselves. Building 
supply chains, driving down costs and improving the performance of heat pumps are also essential. 
  
 
 
STATEMENT OF ORIGINALITY 
 
 
I confirm that the work presented in this thesis is my own. Where information has been derived from 
other sources, I confirm that this has been indicated in the thesis. 
 
Sophia KokonI 
August 2019 
 
 
 
 
 
 
 
 
ACKNOWLEDGEMENTS 
 
 
This thesis has been the result of dedicated research which allowed me to evolve intellectually, 
personally and socially.  
I would like to express my gratitude to the University of Surrey, to the Centre for Environment and 
Sustainability and to the Surrey Energy Economics Centre for giving me the opportunity to undertake 
research and complete my PhD in the field of energy economics.  
I would like to thank my supervisors Prof. Matt Leach and Dr. Mona Chitnis for their guidance, support 
and understanding. Without their dedication and their feedback this thesis would not have been 
completed. 
I would like to thank the EPSRC for their funding which allowed me to focus on my research.  
Many thanks to colleagues who helped me with every day practical issues. 
i 
 
 
TABLE OF CONTENTS 
 
TABLE OF CONTENTS .......................................................................................................................... i 
LIST OF TABLES .................................................................................................................................. v 
LIST OF FIGURES .............................................................................................................................. viii 
LIST OF ACRONYMS ...........................................................................................................................ix 
CHAPTER ONE: INTRODUCTION ......................................................................................................... 1 
1.1 Background .............................................................................................................................. 1 
1.2 Aims of the thesis .................................................................................................................... 2 
1.3 Research questions .................................................................................................................. 2 
1.4 Choice of countries .................................................................................................................. 3 
1.5 Structure of the thesis.............................................................................................................. 3 
1.6 Original contribution ................................................................................................................ 4 
CHAPTER TWO: THE RESIDENTIAL HEATING SECTOR IN THE UK ......................................................... 5 
2.1 Emissions from residential buildings ........................................................................................ 5 
2.2 Characteristics of the housing stock ......................................................................................... 5 
2.3 Energy consumption, fuel use and heating systems in the residential sector ............................ 7 
2.4 Energy prices ........................................................................................................................... 8 
CHAPTER THREE: HEAT PUMPS ........................................................................................................ 10 
3.1 Introduction ........................................................................................................................... 10 
3.2 Technical principles of heat pumps ........................................................................................ 10 
3.3 Types of heat pumps .............................................................................................................. 11 
3.4 Heat pump economics ........................................................................................................... 12 
3.4.1 Capital cost of heat pumps .............................................................................................. 12 
3.4.2 Running cost of heat pumps ............................................................................................ 13 
3.5 Performance of heat pumps................................................................................................... 15 
3.6 The UK heat pump market ..................................................................................................... 19 
CHAPTER FOUR: EUROPEAN HEAT PUMP MARKETS......................................................................... 22 
4.1 Introduction ........................................................................................................................... 22 
4.2 Austria ................................................................................................................................... 24 
4.3 Finland ................................................................................................................................... 27 
4.4 France.................................................................................................................................... 29 
4.5 Germany ................................................................................................................................ 30 
ii 
 
4.6 Norway .................................................................................................................................. 32 
4.7 Sweden .................................................................................................................................. 33 
4.8 Switzerland ............................................................................................................................ 35 
4.9 United Kingdom ..................................................................................................................... 36 
4.10 Summary of market promotion activities in European countries .......................................... 38 
CHAPTER FIVE: LITERATURE REVIEW ................................................................................................ 43 
5.1 Introduction ........................................................................................................................... 43 
5.2 The theory behind diffusion of innovation ............................................................................. 44 
5.3 Quantitative studies ............................................................................................................... 49 
5.3.1 Statistical analysis of survey data .................................................................................... 49 
5.3.2 Econometric modelling studies........................................................................................ 58 
5.3.3 Bottom-up techno-economic modelling studies .............................................................. 71 
5.4 Hybrid studies ........................................................................................................................ 75 
5.5 Summary and critique of the literature reviewed ................................................................... 77 
CHAPTER SIX: METHODOLOGY......................................................................................................... 79 
6.1 Background ............................................................................................................................ 79 
6.2 The methodological approach in this thesis............................................................................ 80 
6.3 Choice of countries ................................................................................................................ 81 
CHAPTER SEVEN: ECONOMETRICS MODEL: ESTIMATION OF CONSUMER DEMAND FOR HEAT PUMPS 
IN EUROPEAN COUNTRIES ............................................................................................................... 82 
7.1 Introduction ........................................................................................................................... 82 
7.2 Consumer theory under neoclassical economics .................................................................... 83 
7.3 Demand for heating systems: theoretical background ............................................................ 84 
7.4 Empirical framework .............................................................................................................. 86 
7.4.1 Methodology description ................................................................................................ 86 
7.4.2 Model specification ............................................................................................................. 86 
7.4.3 Econometric specification ............................................................................................... 87 
7.5 Data ....................................................................................................................................... 91 
7.6 Data Constraints .................................................................................................................... 92 
7.7 Descriptive statistics .............................................................................................................. 93 
7.8 Results ................................................................................................................................... 96 
7.8.1 Panel fixed effect model results ...................................................................................... 96 
7.8.2 Results from statistical tests .......................................................................................... 106 
7.9 Discussion ............................................................................................................................ 107 
7.10 Conclusions ........................................................................................................................ 109 
iii 
 
CHAPTER EIGHT: TECHNO-ECONOMIC MODEL OF THE EXISTING HOUSING STOCK IN ENGLAND AND 
WALES ........................................................................................................................................... 111 
8.2 Development and overview of the model ............................................................................ 112 
8.2.1 Scope and theory underpinning the techno-economic model ........................................ 112 
8.2.2 Model design and structure .......................................................................................... 115 
8.2.3 House level module ....................................................................................................... 117 
8.3 Housing stock data ............................................................................................................... 120 
8.3.1 Cambridge Housing Model ............................................................................................ 120 
8.3.2 The heating system sizing module ................................................................................. 123 
8.3.3 Input to the heating system cost model ........................................................................ 125 
8.4 Technical assumptions: efficiency of buildings, performance and costs of heating systems .. 125 
8.4.1 Costs of heating systems ............................................................................................... 125 
8.4.2 Performance of heating systems ................................................................................... 127 
8.4.3 Summary....................................................................................................................... 129 
8.5 Feasibility assumptions ........................................................................................................ 131 
8.6 Scenario assumptions .......................................................................................................... 131 
8.6.1 Energy prices................................................................................................................. 133 
8.6.2 Carbon prices ................................................................................................................ 134 
8.6.3 Carbon intensity of electricity........................................................................................ 134 
8.6.4 Subsidies ....................................................................................................................... 135 
8.6.5 Discount rate ................................................................................................................ 136 
8.7 Model performance ............................................................................................................. 136 
8.7.1 Base conditions of the housing stock ............................................................................. 136 
8.7.2 Sensitivity analysis ........................................................................................................ 138 
8.8 Normative approach ............................................................................................................ 139 
8.8.1 Results .......................................................................................................................... 139 
8.8.2 Discussion of normative scenario results ....................................................................... 144 
8.9 Positive approach ................................................................................................................ 147 
8.9.1 Results from the scenarios with the RHI-type policy incentive ....................................... 149 
8.9.2 Results from the scenarios with the capital cost subsidy policy incentive ...................... 151 
8.9.3 Heat pump uptake in relation to tenure type ................................................................ 153 
8.9.4 Heat pump uptake in relation to the age band of the dwellings ..................................... 154 
8.9.5 Heat pump uptake in relation to the incumbent heating system ................................... 156 
8.9.6 Heat pump uptake per dwelling type............................................................................. 158 
8.9.7 Heat pump uptake in relation to the floor area ....................................................... 158 
8.9.8 Discussion ..................................................................................................................... 160 
iv 
 
8.10 Conclusions ........................................................................................................................ 164 
8.10.1 Conclusions based on the model results ...................................................................... 164 
8.10.2 Limitations of the model ............................................................................................. 165 
CHAPTER NINE: CONCLUSIONS ...................................................................................................... 167 
9.1 Introduction ......................................................................................................................... 167 
9.2 Methodology ....................................................................................................................... 167 
9.3 Findings ............................................................................................................................... 169 
9.4 Policy recommendations ...................................................................................................... 171 
9.5 Further research and knowledge gaps .................................................................................. 173 
REFERENCES .................................................................................................................................. 175 
 
  
v 
 
LIST OF TABLES 
Table 2.1: Residential energy consumption for space and water heating 7 
Table 2.2: Residential energy consumption for heating services by fuel (space and water) 8 
Table 3.1: Prices of air source and ground source heat pumps for different property types 13 
Table 3.2: Annual heat demand and running costs breakdown 14 
Table 3.3: RHI tariffs for renewable technologies 14 
Table 3.4: Estimated annual RHI payment 15 
Table 3.5: Estimated annual RHI payment over 7 years 15 
Table 3.6: Monitored annual average performance of heat pump systems 16 
Table 4.1: Heat pump subsidies in nine regions in Austria 26 
Table 4.2: Factors that have shaped the Finnish heat pump market 29 
 Table 4.3: UK fiscal/financial policies for the residential sector 37 
Table 4.4: UK informative and legislative policies for the residential sector 38 
Table 4.5: Total number of policies implemented and in effect by category and by country 39 
Table 7.1 (a): Descriptive statistics for Austria, Finland, France and Germany 94 
Table 7.1 (b): Descriptive statistics for Norway, Sweden, Switzerland and UK 95 
Table 7.2: Description of the specification for the FE model 96 
Table 7.3: Results from the fixed effect model` 100 
Table 7.4: Marginal effect of policies and gas price on the demand of heat pumps 105 
Table 7.5: F-test results for the overall significance of the model 106 
Table 7.6: F-test results for the joint significance of fiscal, informative and legislative policies 106 
Table 8.1: Description of variables in equation 1 117 
Table 8.2: Age bands in the Cambridge Housing Model 121 
Table 8.3: Dwelling types in the Cambridge Housing Model 121 
Table 8.4: Regional disaggregation in the Cambridge Housing Model 121 
Table 8.5: Heating system types in the Cambridge Housing Model 122 
Table 8.6: Price (£) and size (kW) of heating systems obtained from manufacturers 126 
Table 8.7: Coefficients for equations linking capital costs and size for heating systems 127 
Table 8.8: Comparison of the efficiency between the incumbent and the new heating system 128 
Table 8.9: Carbon intensity of fuels 129 
vi 
 
LIST OF TABLES (continued) 
Table 8.10: Summary of technical assumptions 130 
Table 8.11: Feasibility matrix 131 
Table 8.12: Energy price scenarios for 2030 133 
Table 8.13: Shadow carbon price scenarios for 2030 (£/tCO2)  134 
Table 8.14: Carbon intensity of electricity scenarios for 2030 (g/kWh) 134 
Table 8.15: RHI mechanism assumptions for heat pumps and biomass boilers 135 
Table 8.16: Capital cost subsidy assumptions for heat pumps and biomass boilers 136 
Table 8.17: Base case in the Cambridge Housing Model  137 
Table 8.18: Base scenario results per fuel 137 
Table 8.19: Sensitivity analysis scenarios 138 
Table 8.20: Scenarios with and without the climate policy cost. 139 
Table 8.21: Comparison of scenarios results (thousands of dwellings by heating system) 140 
Table 8.22: Comparison of all scenarios results for useful heat per heating system (TWh) 141 
Table 8.23: Comparison of all scenarios results for purchased energy per heating system (TWh) 142  
Table 8.24: Comparison of scenarios results for the number of dwellings per fuel 143 
Table 8.25: Comparison of all scenarios results for useful heat per fuel (TWh) 143 
Table 8.26: Comparison of all scenarios results for purchased energy per fuel (TWh) 144 
Table 8.27: SPF and SCP effect on heat pump uptake  145 
Table 8.28: Climate policy cost effect on heat pump uptake 145 
Table 8.29: Dwellings with heat pumps and useful heat generated in scenario 11 146 
Table 8.30: Dwellings with heat pumps and useful heat generated in scenario 12 146 
Table 8.31: RHI scenarios and associated variable values  148 
Table 8.32: Capital cost subsidy scenarios and associated variable values 149 
Table 8.33: Results for heat pump adoption from scenarios with RHI 150 
Table 8.34: Results for heat pump adoption from scenarios with capital cost subsidy 152 
Table 8.35: Heat pump adoption per tenure type in scenario 6A: SubH-SPFH, NPC                               154 
Table 8.36: Heat pump adoption per age band in scenario 6A: SubH-SPFH, NPC                                    155 
Table 8.37: Heat pump adoption in relation to the incumbent heating system in scenario                157 
Table 8.38: Heat pump adoption per dwelling type in scenario 6A: SubH-SPFH, NPC                            158 
Table 8.39: Heat pump adoption per floor area in scenario 6A: SubH-SPFH, NPC                                   159 
vii 
 
 
LIST OF TABLES (continued) 
Table 8.40: Indicative prices of air-source and ground source heat pumps in European countries 160 
Table 8.41: Comparison of scenarios with a similar level of heat pump uptake  161 
  
 
  
 
 
 
 
viii 
 
LIST OF FIGURES 
Figure 2.1: Different fuels for central heating in dwellings 7 
Figure 2.2: Average UK household energy prices (p/kWh)  8 
Figure 3.1: Vapour compression cycle  10 
Figure 3.2: Fuel mix for electricity generation in the UK in Mtoe 18 
Figure 3.3: CO2 emissions from electricity generation in MtCO2 19 
Figure 3.4: Number of heat pumps sold in the UK in 2005-2017 20 
Figure 4.1: Sales development by type of heat pump  22 
Figure 4.2: Total stock of heat pumps in Europe  23 
Figure 4.3: Development of energy prices in Austria 25 
Figure 4.4 Development of energy prices for mineral oil products in Austria  25 
Figure 4.5: Number of heat pumps sold in Austria in 1976-2017 27 
Figure 4.6: Energy supply mix for space heating in buildings 28 
Figure 4.7: Number of heat pumps sold in Finland in 1989-2017 28 
Figure 4.8: Number of heat pumps sold in France in 1976-2017 30 
Figure 4.9: Number of heat pumps sold in Germany in 1976-2017 31 
Figure 4.10: Number of heat pumps sold in Norway in 1992-2017 33 
Figure 4.11: Energy prices in Sweden between 1970 and 2004  33 
Figure 4.12: Number of heat pumps sold in Sweden in 1982-2017 36 
Figure 4.13: Number of heat pumps sold in Switzerland in 1980-2017 36 
Figure 5.1: Conceptual framework for the factors that affect the adoption, use and impact of domestic 
green technology (ASHPs in this case)                                                                                                      45 
Figure 7.1: Diffusion of innovation theory curve (Rogers, 1995)                                                           109                                                     
Figure 8.1: schematic structure of the model 116 
Figure 8.2:    Identification of least cost option in the house-level module 119 
Figure 8.3: Energy Saving Trust domestic heating system sizing guide 124 
Figure 8.4: Annual public expenditure associated with promoting 3m residential heat pumps 162 
 
 
ix 
 
LIST OF ACRONYMS 
AFPAC French Heat Pump Association  GW gigawatt 
ASHP air source heat pump  HOU code for household measures in 
MURE database 
BEIS Department of Business, Energy 
and Industrial Strategy 
 IEA International Energy Agency 
BREDEM Building Research Establishment 
Domestic Energy Model 
 IPCC Intergovernmental Panel on Climate 
Change  
   kW kilowatt 
BWP German Heat Pump Association  kWh kilowatt-hour 
CA cluster analysis  LCC life cycle cost 
CCC Committee on Climate Change  LULUCF land use, land use change and 
forestry 
CFL compact fluorescent lightbulb  mtoe million tonnes of oil equivalent 
CHM Cambridge Housing Model  MURE Mesures d’Utilisation Rationnelle De 
l’ Energie (database) 
CO2 carbon dioxide  MWh megawatt-hour 
COP coefficient of performance  NEEA Northwest Energy Efficiency Alliance 
CPI consumer price index  NPV net present value 
CZ-AT 
EEG 
Czech Austria Energy Expert Group  OFGEM Office of Gas and Electricity 
Regulation 
DACH Germany (D), Austria (A) and 
Switzerland (CH)  
 OLS ordinary least squares 
DCLG Department of Communities and 
Local Government 
 PCA principal component analysis 
DECC Department of Energy and Climate 
Change  
 PV photovoltaic 
EC European Commission  REA Renewable Energy Association 
ECI Environmental Change Institute  RHI Renewable Heat Incentive 
EEA European Environment Agency  RPI retail price index 
EEC European Economic Community  SAP Standard Assessment Procedure 
EHPA European Heat Pump Association  SCP shadow carbon price 
EHS English Housing Survey  SFOE Swiss Federal Office of Energy  
EPC Energy Performance Certificate  SPF seasonal performance factor 
EPSRC Engineering and Physical Research 
Council 
 SULPU Finnish Heat Pump Association 
EST Energy Saving Trust  SVEP Swedish Heat Pump Association 
EU European Union  TDCV Typical domestic consumption value 
FE fixed effects  TPB theory of planned behaviour 
FWS Swiss Heat Pump Association  TWh terawatt-hour 
GHG greenhouse gas  VAT value added tax 
GSHP ground source heat pump  WSHP water source heat pump 
 
1 
 
CHAPTER ONE: INTRODUCTION 
This thesis investigates the role of heat pumps in the residential sector in the transition to a low carbon 
economy in the UK through their contribution to the electrification of the energy system. As electricity 
generation becomes decarbonised, the greater use of electricity in final demand sectors will 
contribute to overall decarbonisation. 
 
The use of residential heat pumps has become well established in several European countries, but the 
UK has a relatively low level of penetration. This thesis makes three main contributions: using an 
econometric analysis based on panel data it identifies the factors that have triggered heat pump 
adoption in various other European countries; using a bottom-up techno-economic model it identifies 
socially optimal levels of residential heat pump adoption in existing homes in England and Wales 
taking account of carbon pricing; and using the same model it identifies what policy interventions 
might be needed to stimulate heat pump adoption. 
  
This chapter provides the policy background to the research, sets out the aims of the thesis and the 
research questions, explains the choice of countries covered, summarises the structure of the thesis 
and finally identifies the original elements.  
1.1 Background  
Reducing greenhouse gas (GHG) emissions in order to tackle global climate change has become the 
goal of both developed and developing countries. The 2015 Paris Agreement confirmed the intention 
of most countries to limit global warming to well below 2°C. Anthropogenic GHG emissions arise in all 
sectors of the economy, mainly energy, industry, transport, buildings and agriculture. Between 1990 
and 2016 there have been significant reductions in total emissions in the EU, and in specific sectors 
such as industry, transport, energy supply and buildings, while in agriculture, international aviation 
and shipping and land use, land use change and forestry (LULUCF) there has been an increase (EEA, 
2018).  
Buildings consume 40% of energy in the EU as a whole and, including indirect emissions from 
electricity use, they are responsible for 36% of carbon dioxide (CO2) emissions (EC, 2018). Buildings 
are an important source of emissions partly because one third of buildings in the EU are more than 50 
years old and, more importantly, around 75% are energy inefficient (EC, 2018). Existing buildings will 
continue to make a large contribution to GHG emissions into the future. The renovation rate in 
buildings varies depending on the country.  
Residential buildings generate a higher percentage of total GHG emissions than do commercial 
buildings, 25% compared to 15% (EEA, 2012a). Direct emissions from the residential sector are 
responsible for 11.5% of total GHG emissions in all the main sectors (EEA, 2018) as classified by IPCC 
(i.e. energy, transport, industry, agriculture, waste management, international aviation, international 
navigation). This makes residential buildings the fourth most important GHG emitting sector in the EU 
in terms of direct emissions. While there has been progress regarding reduction in emissions from 
buildings, from 731 mtCO2-e in 1990 to 575 mtCO2-e in 2016, fossil fuels have still the highest share in 
the energy mix.  
One way of contributing to the decarbonisation of the residential heating sector is through the 
electrification of the energy system. Indeed, the electrification of heat in buildings is part of the EU 
strategy in order to achieve emissions reduction targets. A transition from old conventional systems 
which work with gas or coal to new technologies which use electricity is thus necessary. Heat pumps 
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are such systems that work with electricity. Under the EU Directive on renewable energy (2009/28/CE) 
they are considered a renewable source (EC, 2009) under the condition that their SPF (seasonal 
performance factor) is equal to or higher than 2.51 (EC, 2009).  
While in Europe there are a few countries such as Austria, Finland, Norway, Switzerland, Sweden, 
Germany and France which have made significant progress in deploying heat pumps, the UK is lagging 
behind. Socioeconomic factors, macroeconomic factors, financial aspects and policies have played a 
role in shaping the market in these countries in a different way. In the UK, the Committee on Climate 
Change argues that heat pumps can heat dwellings efficiently, and under certain retrofit conditions 
such as better insulation, underfloor heating and suitable radiators, can be as effective as gas boilers 
(CCC, 2016). In their most recent report on GHG emissions reduction from the residential sector, the 
Committee on Climate Change suggests that 10 million hybrid2 heat pumps should be installed in 
residential buildings by 2030 in order to reach the 5th carbon budget and achieve the emissions 
reduction target set by national and international legislation and treaties (CCC, 2019). 
The EU member states have adopted legislation and policies to reduce GHG emissions. Amongst 
various measures to decarbonise the heating sector, the strategy includes promoting heat pumps as 
a heating system choice, with the aim of shifting away from gas and towards electricity.  
1.2 Aims of the thesis 
The ultimate goal of this thesis is to estimate the socially optimal deployment of heat pumps in the 
UK and to identify policy mechanisms for promoting their take-up. Within that general goal there are 
a number of individual aims: 
• to identify and quantify the impact of those factors that have contributed to the development 
of the heat pump market in selected European countries. 
• to test whether these factors have had the same effect in the heat pump market in the UK.  
• to analyse how different scenarios with regard to energy prices, policy options and capital 
costs of various heating systems could influence consumers’ choice and shape the UK heat 
pump market.  
• to inform policy makers of the effectiveness of current policies as well as the potential 
effectiveness of alternative policy options.   
 
1.3 Research questions  
The overall goal of this thesis is to explore the feasibility of large-scale heat pump deployment in 
different types of existing dwellings (e.g. flats v. houses, detached, semi-detached etc.) in England and 
 
1 SPF is the ratio of the operating performance of a heat pump during a year. It is the ratio of the heat output 
delivered over the total electricity input over a year; the higher this ratio the more efficient is the heat pump. 
SPF is related to the coefficient of performance (COP) which also refers to the ratio of heat output to heat input, 
not necessarily averaged over a year. 
2“'Hybrid' heat pumps use a heat pump to meet the bulk of heat demand, while retaining boilers to provide heat 
on colder winter days. A hybrid heat pump can be retrofitted around the existing boiler, making it part of an 
upgraded, smart heating system” (CCC, 2018). 
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Wales and to evaluate their role in decarbonising the UK energy system. This is supported by the 
following questions:  
Question 1: which circumstances (i.e. macroeconomic factors, sociodemographic factors, 
environmental aspects, climatic conditions and policies) led to a mass deployment of heat pumps in 
other countries? 
Question 2: what, from a normative point of view, is the optimum level of heat pump adoption to 
benefit society. Under this perspective consumers would adopt heat pumps without any supportive 
policies (e.g. subsidies).  
Question 3: what policy incentives, from a positive perspective and drawing from the international 
experience in terms of heat pump adoption, would result in a viable mass-market deployment of heat 
pumps in the UK?  Policies that align the public and private incentives are considered taking into 
account, for example, the role of the discount rate, i.e. national interest v. consumers (private) 
interest.  
Question 4: what are the consequences and the trade-offs from taking different policy approaches? 
This addresses the amount of money (the sum of subsidies) the government would have to spend to 
encourage heat pump uptake, the effectiveness of different policies in reducing emissions, and the 
advantages and disadvantages of different types of policies.   
1.4 Choice of countries  
Along with the UK, which is the main case study country in this thesis, a number of European countries 
are included. These are: Austria, Finland, Norway, Switzerland, Sweden, Germany and France. The 
choice has been made based on a number of factors, the main one being that these countries have 
well developed heat pump markets. The second reason relates to similarities and differences 
regarding their size and other characteristics. For example, France and Germany are similar to the UK 
in terms of population, while Austria, Finland, Norway, Switzerland and Sweden are smaller. Climatic 
conditions, energy practices, fuel mix and consumer behaviour vary across the countries considered.  
1.5 Structure of the thesis   
This thesis consists of nine chapters. 
 
Chapter 2 provides an overview of the residential heating sector in the UK. The characteristics of the 
housing stock, and energy use in terms of the fuel mix, along with the macro-economic background 
regarding energy prices, are presented. 
 
Chapter 3 introduces the main techno-economic characteristics of heat pumps. The state of the UK 
market for heat pumps is also presented. 
 
Chapter 4 presents a review of energy efficiency and renewable heat policies in European countries. 
Findings of this chapter will inform the quantitative analysis reported in Chapter 7. A second strand 
describes the modelling approaches that researchers have implemented to explain factors that have 
influenced consumer choice and demand for heat pumps in the residential sector of these countries.  
 
Chapter 5 presents a review of the academic literature on the adoption of heat pumps and other 
innovative heating technologies. The studies are classified according to the methodology used to 
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identify the factors that have influenced consumers’ choice for heating systems. The findings have 
informed the quantitative analysis in both Chapters 7 and 8 of the thesis. 
 Chapter 6 describes the methodology followed in order to answer the research questions. The 
quantitative analysis has been undertaken through two different types of modelling approaches: an 
econometric model based on panel data has been used to identify the factors that affected demand 
for heat pumps in the eight European countries identified in Section 1.4; a bottom-up techno-
economic model has been used to identify both the socially optimal level of heat pump deployment 
in the existing housing stock in England and Wales and the possible impact of policy interventions in 
terms of market take-up .  
Chapter 7 presents the panel data econometric model and the findings. It shows what factors, 
including policy interventions, explain heat pump take-up in countries where they are already 
established.  
Chapter 8 presents the bottom-up techno-economic model. The model is first run from a normative 
perspective (using a social discount rate, taking out subsidies and accounting for the external costs of 
CO2 emissions) to identical socially optimal levels of heat pump deployment. It is then run from a 
positive perspective using the cost of capital for private consumers, taking out explicit carbon pricing 
and testing various forms of policy intervention using lessons from Chapter 7.  
Chapter 9 concludes by re-capping the findings from the literature review and linking the conclusions 
from the two modelling approaches. Some policy recommendations are made and further lines of 
research are identified.  
1.6 Original contribution  
The originality of this research thesis lies in the methodology adopted. Existing studies have attempted 
to identify what factors drive consumers to adopt specific types of heating system. Many are based 
on surveys and stated preference techniques, usually referring to a specific country. Using panel data, 
the econometric model used here links background economic and market conditions, and the timing 
and form of specific types of policy intervention, to actual market take-up using market data from the 
European Heat Pump Association (EHPA, 2018). This is the first known attempt to combine time series 
and cross-sectional data in this way.  
While other bottom-up techno-economic models have been described in the literature, the one 
described here is used to link the normative and positive perspectives and focus on different types of 
policy intervention, drawing on the econometric study. This highlights the degree to which capital or 
operating cost support is provided, and the impact of imposing policy costs (revenue for general 
renewables and energy efficiency) on the electricity price, thus discouraging the take-up of end-use 
electric technologies. 
The modelling results can add to knowledge by potentially contributing to government strategies for 
promoting renewable technologies in the residential heat sector, moving towards the electrification 
of energy end use demand and reducing GHG emissions. 
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CHAPTER TWO: THE RESIDENTIAL HEATING SECTOR IN THE UK 
 2.1 Emissions from residential buildings  
The buildings sector (comprising of residential and commercial buildings) is 3rd in terms of GHG 
emissions in the UK. It generated 17% of the total emissions in 2019, 89% of which came from the 
residential sector (BEIS, 2020a;). These emissions include direct CO2 emissions from fossil fuels and 
indirect emissions from the generation of purchased electricity and heat.  
 
In the period 1990-2017, CO2 emissions have shown fluctuations due to fuel prices, temperatures and 
energy efficiency changes. The 2009 increase in fuel prices resulted in emissions reduction followed 
by an increase in emissions in 2010 due to colder weather and a further decrease again in 2011, due 
to warmer weather and higher fuel prices, until 2012 when they decreased until 2017 (BEIS, 2018).  
 
The Committee on Climate Change has recommended that net CO2 emissions should reach zero by 
2050, a target that will not be reached unless residential buildings are almost completely decarbonised 
(CCC, 2019a). In 2006 a zero carbon homes plan (by 2016) was introduced by the then Government. 
The plan was abandoned in 2016. The reason behind this was “to reduce regulations on home builders, 
which would have otherwise hindered productivity and ultimately national growth” (HM Treasury, 
2015). 
 
Given the volatility of fuel prices and the increasingly changing weather conditions, an effective way 
to reduce energy consumption and consequently emissions sustainably, is by increasing the energy 
efficiency of either buildings, energy appliances or both. The rate of improvement depends on the 
conditions of the housing stock, the finance possibilities and the policy landscape.  
 
2.2 Characteristics of the housing stock 
The UK has one of the oldest housing stocks in Europe (ECI, 2005). In 1996 the total number of 
dwellings was 23,000,000 and the number of new build homes between 1996 and 2004 was 1,280,000. 
The largest proportion of homes was built between 1918 and 1990 (DECC, 2013a). Old buildings 
generally have poor insulation. When it comes to energy consumption for heating purposes, this is 
crucial because buildings which are badly insulated lose heat through their fabric i.e. walls, roofs, 
windows and doors resulting in higher energy demand, higher bills and higher CO2 emissions. 
Specifically, in 1987 (older data are not available) 22% of dwellings had no insulation,3 78% had some 
insulation and only 4.4% had full insulation. By 2011, 73% had some insulation and 27.3% had full 
insulation,4 and there were no dwellings with no insulation at all (DECC, 2013a). Despite the 
improvements that have taken place, there is still significant progress to be made. According to the 
English National Housing Survey, there are 5 million uninsulated cavity walls, around 8 million solid 
walls, 20 million floors and 18 million interventions that should take place in order to upgrade 
windows from partially glazed to fully glazed (Rosenow et al., 2018; House of Commons, 2019). 
 
Regarding loft insulation, things have improved not only with regard to the numbers of properties 
with insulation but also with regard to the quality of insulation following the introduction of the 2010 
Building Regulations and the Energy Efficiency Commitment Programme. Specifically, in 1976, only 
 
3 No insulation: it is defined as: no loft insulation (where there is a loft), no cavity wall insulation (where there is 
a cavity) and no double-glazing (DCLG, 2013).   
4 Full insulation: it is defined as: at least 100mm of loft insulation (where there is a loft), cavity wall insulation 
(where there is a cavity) and at least 80% of rooms with double glazing (DCLG, 2013). 
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50% of the housing stock which could have had loft insulation had some insulation, even of poor 
quality (between 25 and 100mm). By 2002 that percentage had increased to 90%. By 2011, 40% of the 
housing stock had insulation of 150mm minimum, 20% had loft insulation between 100 and 149mm, 
15% had insulation of up to 100mm, and only 2.5% had no loft insulation at all (DCLG, 2013).  
 
The same growth rate was observed for cavity wall insulation. In 1974, when 66% of the total housing 
stock was suitable for cavity wall insulation, only 2% had it installed. By 2011, 64% had loft insulation 
out of 71% of suitable housing stock (DCLG, 2013). Improvements in double glazing have also taken 
place within the last 40 years. The first available data are for 1983 when the percentage of dwellings 
with 80% or more of their rooms being double glazed was only 9%. By 2001, this was 51% and in 2013, 
83% (DCLG, 2013). It should be mentioned that double glazing has a lifetime of average 35 years at 
the end of which the energy efficiency of the units drops and the units need to be replaced since they 
cannot be repaired (DCLG, 2013).   
 
Poor housing conditions with regard to insulation means low energy efficiency. According to the 
Standard Assessment Procedure (SAP)5 the current state of UK homes is still poor. The average score 
in England in 2001 was only 51 and, in 2016, still only 62 (EHS, 2016-2017). In order for emissions 
reduction to take place, an upgrade of the housing stock to higher ratings should occur. For instance, 
a SAP rating of 70 would reduce emissions by 34.5% (ECI, 2005). In 2016, 19 million dwellings were 
below energy efficiency band C (GOV, 2016).  
 
Energy performance seems to be correlated with the type of ownership in the residential sector. The 
English Housing Survey headline report 2011-2012 shows that dwellings which are owned by local 
authorities or Registered Social Landlords had the largest share in the three highest energy efficiency 
ratings bands A, B and C (DCLG, 2013). In 2013, 28% of dwellings classified being in the worst energy 
efficiency bands, were privately owned (DCLG, 2013). This can be explained by the fact that in privately 
rented dwellings the owner does not benefit from the investment in energy efficiency measures e.g. 
he does not see lower energy bills thus he is less motivated to undertake a costly improvement of the 
property. While the number of owner-occupied homes has been rising since 1970, the number of 
privately rented homes has been rising as well, slowing down energy efficiency improvements in the 
housing stock.   
 
Given the slow rate of new homes building, a number of changes should take place to the existing 
stock in order to modernise them and make them more energy efficient. This is despite the fact that 
energy efficiency can be achieved better in new rather than in existing refurbished buildings. These 
changes which include wall, roof and floor insulation, double-glazing windows and ventilation, will 
reduce heat loss, energy demand, fuel poverty and CO2 emissions. Nevertheless, improvements in the 
housing stock have been very slow. With the introduction of relevant national and European 
legislation, upgrading of the housing stock has started to take place in a more rigorous and systematic 
way (EC, 2018, IEA, 2018). UK examples include the Green Deal, revised Building Regulations and 
Energy Performance Certificates, EU examples include the Directive on the Energy Performance of 
Buildings (2002/91//EC), subsequent revised versions, the most recent of which came into force in 
July 2018. The legislation aimed either to enforce higher efficiency standards in buildings or to provide 
financial support for implementing energy efficiency improvements.  
 
 
 
5 SAP produces Energy Performance Certificates for new dwellings in the UK as it is required in the Buildings 
Regulations. The certificate is based on a ranking scale between 1and 120, where the higher the ranking the 
better the energy performance (SAP, 2012).  
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2.3 Energy consumption, fuel use and heating systems in the residential sector 
The heating services, space and water heating, account for 80% of total energy consumption in the 
residential sector (BEIS, 2018a). Given the fact that heating demand depends on temperature, energy 
consumption fluctuates significantly. Energy consumption also depends on socioeconomic factors 
such as: household income; energy prices; and housing characteristics. Residential energy 
consumption in the UK has fallen by 27% per household since 2000 and energy consumption per capita 
has fallen by 26%, while the number of households across the country has risen by 12% and the 
population has increased by 9.7% (DECC, 2015). Energy consumption (all fuels) for water and space 
heating fluctuated between 1990 and 2017. Energy consumption for this period is shown in Table 2.1. 
 
 
Table 2.1: Residential energy consumption for space and water heating 
 
Year 1990 2000 2010 2011 2012 2013 2014 2015 2016 2017 
ktoe 33774 39325 41711 33141 36293 36660 30826 32433 33829 32384 
Source: BEIS, 2018a 
 
The type of heating systems households choose/use to heat their homes in the UK depends, except 
for the capital and the running cost of the system, on access to fuels, the local supply network for each 
area, the age of a dwelling and its type. Since the 1960s, the UK has made huge progress in terms of 
switching from open fireplaces to central heating in the residential sector. In 1970 only 25% of the 
whole housing stock had central heating while in 1990 this percentage rose to 75%. By the end of the 
20th century, four out of five homes were centrally heated and by 2011 only 10% of dwellings was left 
without central heating (DECC, 2013a). Central heating has encouraged people to heat their houses 
for longer and at higher temperatures, which affects energy consumption and CO2 emissions.  
 
In terms of fuel use, around a third of dwellings used solid fuels in the early 1970s, a tenth used electric 
or oil heating and two-fifths used natural gas. In 2011, solid fuel was used in less than 1% of dwellings, 
oil was used in 4%, electricity in 2% and natural gas was used in 91% of the housing stock (DECC, 
2013a). Figure 2.1 shows the number of dwellings that have been using different fuels for central 
heating between 1970 and 2009. 
 
  
 
 
Figure 2.1: Different fuels for central heating in dwellings 
Source: DECC, 2013a 
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10% of dwellings though are still heated without central heating. In the early 1970s the predominant 
fuel for non-centrally heated dwellings was gas, followed by electricity and solid fuels. In 2011, the 
majority (82%) of these dwellings were heated by electricity, mainly through electric storage heaters 
(DECC, 2013a). The existence of central heating or the potential for installing it in a dwelling is 
important because most heat pumps deliver heat through central heating.  
 
Since natural gas was introduced to the UK in the 1960s and 1970s, gas boilers have become the 
predominant heating system across the country. In the residential sector, 95% of dwellings use a 
boiler, 80% of which are gas boilers (DECC, 2013a). Table 2.2 shows the development of residential 
energy consumption for heating purposes by fuel between 2010 and 2017. In the last seven years oil, 
gas, solid fuel and electricity consumption have been going down while the use of bioenergy and waste 
has almost doubled.  
 
Table 2.2: Residential energy consumption for heating services by fuel (space and water) 
 
Fuels (ktoe) Years 
2010 2011 2012 2013 2014 2015 2016 2017 
Gas 32896 25925 28985 29161 23940 24964 26115 24879 
Oil 3427 2669 2706 2845 2508 2518 2556 2472 
Solid Fuel 765 728 691 706 597 584 572 564 
Electricity 3122 2483 2791 2869 2527 2026 2111 1993 
Heat 52 52 52 52 52 260 260 260 
Bioenergy and waste 1448 1283 1623 1914 1837 2080 2215 2216 
Source: BEIS, 2018a 
 
2.4 Energy prices 
Energy prices represent a significant expenditure for households as proportion of income. Figure 2.2 
shows electricity and gas prices, those most relevant for heat pump take-up, between 1988 and 2019, 
accounting for inflation. Electricity and gas prices, have fluctuated within the last 30 years with 
electricity prices being the most volatile, showing steep peaks and falls.  
 
 
 
Figure 2.2: Average UK household energy prices (p/kWh)  
Source: ONS, 2020; GOV, 2020 
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Energy prices are very relevant regarding the demand side for heating systems since they represent 
the running cost of each heating alternative which is an important part of households’ annual total 
expenditure. The components of retail gas and electricity prices include: basic price components (e.g. 
wholesale price, supplier costs and margins, transmission and distribution costs, balancing costs); non-
climate policy costs (e.g. warm home discount, energy efficiency policies, smart meters, VAT); and 
climate policy costs (carbon price, direct support for low-carbon generation, energy taxes, energy 
efficiency policies, merit order effect, additional costs associated with low carbon generation such as 
the intermittency cost of renewables, capacity market and the gas grid uplift) (CCC, 2017). These 
components do not apply to all sectors, neither do they apply to all fuels. Specifically, for the 
residential sector, electricity prices include all the basic components, all the non-climate policy costs 
and all the climate policy costs. Gas domestic prices on the other hand include all the basic 
components except for the balancing costs, all the non-climate policy costs and, from the climate 
policy costs, only the energy efficiency policy cost, the energy taxes and the gas grid uplift (CCC, 2017). 
The use of solid fuels and heating oil for heating purposes has been decreasing since 1970 with higher 
decrease in the early 2000 (BEIS 2020). In the third quarter of 2019 the percentage of solid fuels and 
oil combined in the energy mix for the production of electricity represented 1% (BEIS, 2020). For that 
reason, BEIS has not published solid fuels and oil prices after 2012 and thus they are not included in 
figure 2.2.    
 
Specifically, electricity prices, have been the highest amongst all four fuels, starting from 10.5p/KWh 
in 1988 and ending at 16.9p/KWh, on average in 2019 with prices adjusted for inflation (DECC, 2018). 
There have been two big changes within the last 30 years:  a fall between 1995 and 2003 and a further 
increase between 2003 and 2009 (DECC, 2013b). There has been an increase in electricity prices since 
2014.   
 
Gas prices have showed less significant changes over the past 30 years. Prices did not change almost 
at all between the late 80s and 2005.After that a consistent increase took place. The main reason for 
this increase was the rise in wholesale, network and supplier costs (CCC, 2017 Gas prices started falling 
in 2014. Falling domestic gas prices can be attributed to price controls introduced in the 1990s (price 
controls were set by the regulator) and the impact of competition from the liberalisation of the market 
which resulted in relatively easy supply/demand pressures (Rutherford, 2018). 
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CHAPTER THREE: HEAT PUMPS 
3.1 Introduction 
Heat pumps are heating systems that can be used to provide space and water heating in commercial, 
industrial or residential buildings. They are devices that extract heat from a source of low temperature 
and transfer it to a receptor at a higher temperature. The low temperature source can be ambient air, 
the ground, ground water and other water bodies such as lakes, rivers and oceans. The usual receptors 
are indoor spaces such as an individual room or a whole building. Refrigerators, that emit heat in order 
to maintain their interior cool, are examples of heat pumps which have been present in most dwellings 
or commercial buildings for decades. In this thesis the only units that are considered are those for 
residential use. 
 
3.2 Technical principles of heat pumps  
Heat pumps for residential buildings use electricity. The main technical principle of a heat pump is the 
vapour compression cycle. As the engineering aspect of heat pumps is not the subject of this thesis, 
only a brief and simplified description of the compression cycle will be given here. 
All heat pumps operate using a system to transport heat from a low temperature source to a higher 
temperature sink through a cycle, the most common being the vapour compression cycle which is 
shown in Figure 3.1. 
Figure 3.1: Vapour compression cycle  
Source: HPA, 2017 
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The vapour compression cycle consists of the following units: a condenser; an expansion device; an 
evaporator; and a compressor (EHPA and SVEP, 2005). The process begins with the high pressure liquid 
refrigerant exiting the condenser and passing through the expansion device where its pressure is 
reduced. Next, the low pressure liquid goes to the heat exchanger (evaporator) where it absorbs heat 
from the low temperature source and it turns into gas. The gaseous solution goes through the 
compressor where its pressure and temperature rise. After that, the high pressure, high temperature 
gas circulates through the condenser and the heat is separated from the solution and it is transferred 
to the sink receptor, i.e. a dwelling or any building in general. Once the refrigerant loses the heat, it 
turns back to the liquid phase and the cycle starts again (EHPA and SVEP, 2005).  
 
3.3 Types of heat pumps  
There are three types of heat pumps depending on the heat source: ground source heat pumps 
(GSHP); air source heat pumps (ASHP); and water source heat pumps (WSHP). 
Ground source heat pumps use a loop of pipes (ground loop) to extract low temperature heat from 
the ground (EST, 2018a). The ground loop is buried underground. The installation of a ground source 
heat pump requires a large external area, half an acre minimum (Heat Difference, 2018). The large 
volume of these units makes them more suitable for houses with large external area (e.g. garden) 
where digging is feasible in order to bury the loop system. There are two main types of ground loop 
systems: closed systems that pump heat directly from the ground through pipes which are buried 
underground and open loop system which pump groundwater first, then the groundwater passes 
through a heat pump where its heat is extracted (HD Services, 2019). Closed loop systems include 
horizontal, vertical and pond/lake systems which are not as common as the first two (REA, 2019). The 
former are buried horizontally in trenches 1-2 meters deep and they require ample land and therefore 
they are more suited for rural areas. Vertical systems use vertical boreholes and they are a good 
alternative when there is not enough land, but they are more expensive (Greenmatch, 2019a). 
Pond/lake systems are not common because they require proximity of the dwelling to a water body 
(Greenmatch, 2019a). While open loop systems are more efficient than the closed ones, they are more 
suitable for areas where ground water is sufficiently available (HD Services, 2019).  
Air source heat pumps are smaller in size and can be attached to the external wall of a property. They 
look like an air-conditioning unit (EST, 2018b). The external unit is connected to another unit installed 
indoors which contains circulation pumps and hot water. The internal unit is smaller than the average 
boiler (EST, 2018b).   
Water source heat pumps are the least common systems. They use the heat from a surface water 
(pond, lake, river). The water is pumped into the heat exchanger of the system and once the heat is 
extracted the water returns to the source for a new cycle (REA, 2019). Water source heat pumps can 
be either closed or open loop systems. Closed loop systems are less costly and therefore could be 
preferred as long as there is sufficient water near the dwelling.  
Given that currently ground and air source heat pumps are the most common in the UK market, these 
two types will be the ones considered in this thesis both in the qualitative and in the quantitative 
analysis.  
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3.4 Heat pump economics 
3.4.1 Capital cost of heat pumps 
The purchase and installation cost of heat pumps varies significantly depending on the type and the 
size of the unit. Ground source heat pumps are more expensive than air source heat pumps of the 
same size. This is mainly due to the fact that the installation of ground source heat pumps involves 
more intensive labour and further equipment. The price includes the additional cost of digging 
trenches for the loop pipes or opening boreholes on the ground. Specifically, ground source heat pump 
prices vary between £10 000 and £18 000 while air source units are between £6 000 and £ 8 000 (EST, 
2018a). The cost of ground strings for the loop system is on average £3 500 per trench while each 
borehole costs on average £7 000. These are indicative prices that also vary depending on the 
manufacturer of the heat pump and the specific model i.e. how advanced technologically a unit is. For 
instance, there are units which can sense the external temperature (the temperature of the fluid or 
the air from which the heat is absorbed). This function has an effect on the efficiency of the system 
since, when the temperature between the source and the sink is not too high, the unit does not need 
as much energy to bridge this gap and therefore the household electricity bill will be lower.  
 
The age of the dwelling is also a factor that can be linked to the capital cost of heat pumps. Older 
buildings are less well insulated and thus larger heat pumps might be needed to heat them efficiently. 
Given the fact that the capital cost of heat pumps increases with size, households in old poorly 
insulated properties might face higher expenditure if they choose to install a heat pump than those 
who live in more modern developments.  
 
Table 3.1 shows some market data regarding the cost of buying and installing air source and ground 
source heat pumps of various sizes for some representative dwelling properties in terms of size, type 
and age.  
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Table 3.1: Prices of air source and ground source heat pumps for different property types 
 
Age of 
dwelling  
Type  Size 
(kW) 
Price 
(£) 
Size of 
property 
(m2) 
Number of 
bedrooms 
Double 
glazing 
Cavity 
walls 
FLATS        
1900s Air source 8.5 9500 65 2 Yes No 
Air source    12 11000 115 4 Yes No 
Ground source N/A - - - - - 
1990s Air source 7 8500 100 3 Yes Yes 
Air source 6 7500 60 2 Yes Yes 
Ground source N/A - - -- - - 
HOUSES  
1900s Air source 14 13000 120 3 Yes No 
Ground source 12 28000 
 - 39000 
120 3 Yes No 
1990s Air source 12 12000 150 5 Yes Yes 
Ground source 10 25000 
 -36000 
150 5 Yes Yes 
 Ground source 9 24000 
-34000 
135 4 Yes Yes 
Source: Personal communications with heat pump installers 
Note: Prices include installation and groundwork cost 
 
Generally, the price of ground source heat pumps from different manufacturers does not vary as much 
as the prices for air source units. Currently 70% of the UK market is satisfied by imported units mainly 
from Germany, Sweden and Japan, countries that are large manufacturers and exporters of heat 
pumps (Heat Difference, 2019). The capital cost of heat pumps for the consumer can be lower due to 
various support measures that are in place and specifically the financial support and incentives set by 
the Government. The different types of policies that have been in place, in different countries for the 
past fifty years, with view to stimulate demand for heat pumps will be presented and analysed in the 
Chapter 4.  
 
3.4.2 Running cost of heat pumps 
The running cost of any heating system represents the monthly household expenditure on energy bills. 
This will be a function of the dwelling size, how well insulated it is, the efficiency of the system, the 
amount of useful heat needed and the electricity price. Table 3.2 shows indicative annual running 
costs for different household sizes with different heating systems for a given annual heat demand 
according to the typical residential values6.   
 
 
6 Typical domestic consumption values are (TDCVs) are industry standard values for the annual gas and electricity 
usage of a typical domestic consumer (OFGEM, 2015) 
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Table 3.2: Annual heat demand and running costs breakdown 
 
Household size 1 bedroom 2-3 bedrooms 4+ bedrooms 
Estimated annual heat demand 8 000 kWh 12 000 kWh 17 000 kWh 
Gas  £290 £435 £615 
Electricity (resistance heating) £1 145 £1 720 £2 435 
Electricity (heat pump) £325 £490 £695 
Oil £325 £490 £690 
Coal  £325 £485 £685 
Source: Greenmatch, 2018b 
Note: Electricity costs for heat pumps assume a seasonal performance factor of 3.5 
 
 
As can be seen from Table 3.2, the running cost for a system working with electricity, for example with 
storage heaters, is much higher than those from systems which use gas, oil or coal. Even if heat pumps 
are used, the running cost is likely to be higher than for gas. In order for heat pumps to become more 
attractive to households, the Government introduced in 2014 the residential Renewable Heat 
Incentive (RHI) which is a policy aiming to incentivise consumers to switch to renewable heating 
technologies, such as heat pumps, biomass boilers and solar panels (GOV.UK, 2019a). There is also a 
non-residential scheme for businesses, the public sector and non-profit organisations which was 
introduced in 2011 (GOV.UK, 2019B; OFGEM, 2019). The residential scheme makes payments to 
households with renewable heating technologies over a period of seven years. There is a fixed tariff 
for each kWh of renewable heat which is generated with a renewable technology. Tariffs under the 
residential RHI for all eligible technologies are shown in Table 3.3. 
 
Table 3.3: RHI tariffs for renewable technologies 
 
 Renewable heating technologies 
 Air source heat 
pump 
Ground source 
heat pump 
Biomass boiler Solar panel 
Tariffs (p/kWh 
renewable heat) 
10.49 20.46 6.74 20.66 
Source: EST, 2019 
 
There is a limit in the annual heat demand that can be paid through the RHI. These are £20 000,  
£30 000 and £25 000 for air source, ground source heat pumps and biomass boilers respectively. Table 
3.4 shows estimated annual RHI payments for three different household sizes. Table 3.5 shows the 
RHI payment over the period of seven years as well as the capital cost (purchase and installation of 
the system without the ground works for ground source heat pumps). 
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Table 3.4: Estimated annual RHI payment 
 
 Household size 
Technology type 1 bedroom 2-3 bedrooms 4+bedrooms 
Ground source heat pump £1 637 £2 455 £3 478 
Air source heat pump £839 £1 259 £1 783 
Biomass boiler £539 £809 £1 146 
Solar panel £186 £310 £475 
Source: Greenmatch, 2018b 
 
Table 3.5: Estimated annual RHI payment over 7 years 
 
  Household size 
Technology type Capital cost 1 bedroom 2-3 bedrooms 4+bedrooms 
Ground source heat pump £7 000-11 000 £5 874 £8 812 £12 483 
Air source heat pump £13 000-20 000 £11 458 £17 186 £24 347 
Biomass boiler £10 000-19 000 £3 774 £5 662 £8 021 
Solar panel £3 900-5 000 £1 302 £2 169 £3 326 
Source: Greenmatch, 2018b 
 
 
3.5 Performance of heat pumps 
The performance of heat pumps is measured according to their efficiency in terms of useful 
generation (i.e. delivering more useful heat by consuming less power) and their environmental 
performance. The former is measured by the coefficient of performance (COP) which is the 
ratio of the energy output (useful energy going to the receptor/sink) to the energy input (heat 
from the source). The average COP over a year is known as the seasonal performance factor 
(SPF). 
COP = 
𝐄𝐧𝐞𝐫𝐠𝐲 𝐎𝐮𝐭𝐩𝐮𝐭
𝐄𝐧𝐞𝐫𝐠𝐲 𝐈𝐧𝐩𝐮𝐭
 
For instance, a COP equal to three means that for one unit of electricity input we have three units of 
useful heat as output. Field trials have assessed both the performance of heat pumps in the UK and 
people’s perception of them. Field trials reveal information about the technical performance of heat 
pumps in real-world settings, their impact on users’ electricity bills and people’s ability to understand 
and follow instructions in order to use them efficiently. The Energy Saving Trust conducted field trials 
in the UK covering 83 heat pumps from 14 manufacturers under a wide range of housing conditions 
(Energy Saving Trust, 2010a; DECC, 2012). They monitored technical performance, customer 
behaviour, heating patterns and economic aspects. The trial showed that well-installed heat pumps 
could reduce emissions and heating bills but that heat pump performance can vary from one 
installation to another. Householders reported high levels of satisfaction but many had difficulty 
understanding operating instructions.  
Kelly and Cockroft (2011) studied the space heating performance of an air source heat pump by 
comparing the results from a model built to simulate the heat pump’s performance for a whole 
building with the results from a field trial of retrofitted heat pumps in ten homes. (The data came from 
only eight homes as two households withdrew from the trial).  
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The field trial took place in the Westfield village in central Scotland sampling houses with double-
glazing and of similar sizes, all but one having three bedrooms. The purpose of the study was to 
compare households’ energy expenditure (for space heating) and emissions savings between heat 
pumps and the alternatives of a gas condensing boiler and a direct electric space heating system. The 
field trial measurements showed that the heat pumps performed with a 2.7 COP on average while the 
model had assumed a COP of 3. The annual average energy consumption to meet space heating needs 
was: 1631 KWh, 5275 kWh and 3640 KWh for the air source heat pump, the gas boiler and the direct 
electric system respectively. The CO2 emissions were 881 Kg/KWh for the heat pump, 1002 g/kWh for 
the gas boiler and 1966 g/kWh for the direct electric system (Kelly and Cockroft, 2011). Despite the 
fact that the heat pump performed better than the other two alternatives regarding energy 
consumption and CO2 emissions, it had higher capital and running costs than a conventional gas boiler 
and higher capital but lower running costs than a direct electric system.  
Harrogate Borough Council in North Yorkshire conducted a field trial with ground source heat pumps, 
replacing solid fuel heating and electric storage heaters in eight old peoples’ council homes off the gas 
network, in order to assess the cost effectiveness of this renewable technology while addressing 
consumers’ comfort and CO2 emissions reduction. The results of the field trial showed that the 
proportion of residents’ income spent on heating was reduced from 12% to 3.8% and emissions were 
reduced on average by 64% when they switched to heat pumps. In terms of tenant satisfaction, the 
feedback was positive. It should be noted that the properties were upgraded with wall and loft 
insulation, and double-glazing, as well as having heat pumps installed. 
Delta Energy & Environment (2013) consultancy has compared three field trials: one having taken 
place in the UK and the other two having taken place in two countries with more mature heat pump 
markets, Germany and Switzerland. The field trials included both ground and air source units installed 
in new and old buildings. The heat distribution systems in the UK were high temperature radiators and 
low temperature under-floor, in Germany high temperature radiators and low temperature under-
floor heating, and in Switzerland primarily low temperature but some radiators systems. The 
comparative study of the three field trials showed that heat pumps in the UK did not perform as well 
as those in Germany and Switzerland (Table 3.6).   
 
Table 3.6: Monitored annual average performance of heat pump systems 
 GSHP ASHP 
UK 2.39 1.82 
Germany and Switzerland 3.5 2.7 
Source: Delta, 2011 
 
There are some differences in relation to the building stock and the heating systems efficiency 
between the three countries. Germany and Switzerland have heating systems of better quality 
components and control systems than the ones in the UK, as well as better-insulated building stock. 
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The field trial in the UK showed that heat pumps performed best under heat distribution systems with 
the lowest flow temperature requirements7 and in houses with adequate insulation.  
Heat pumps have improved since these field trials took place. Currently in the UK market, all heat 
pumps have SPFs higher than 3 which can be considered a low level of performance and can reach 
SPFs as high as 4 for both air and ground source units. Ground source systems are more efficient and 
can reach overall higher SPFs than those reached by air source units.   
The environmental performance of heat pumps is related to the CO2 emissions savings that can 
be achieved. This is a function of two factors: the efficiency of the system and the carbon 
intensity of the electricity heat pumps are supplied with.  
Heat pumps work more efficiently in well insulated buildings where the heat loss is less. A heat pump 
delivers hot water (i.e. water that circulates and heats the radiators in internal spaces) at lower 
temperature than a boiler does. The flow temperature for a heat pump is between 35oC and 45oC.  
The indoors temperature is a function of the size of the radiators, the temperature of the hot water 
and the amount of heat loss in the room. According to the underlying thermodynamics, in order to 
maintain the indoors temperature as high as it would have been if we were using a conventional gas 
boiler, we would need to either have bigger and compatible radiators, which are sized/set to the same 
flow temperature as the heat pump is set to, or to minimise the heat loss through better insulation. 
The factors that prevent heat loss (or at least minimise it) are: underfloor heating; double glazing; and 
cavity walls. The amount of heat loss from a dwelling is related to the existence and the quality of 
these features. The bigger the heat loss, the harder the heat pump will be required to work, meaning 
that it needs to consume more energy. In turn, this translates into higher electricity bills for the 
household. These features represent an additional cost for a potential heat pump buyer and it can be 
discouraging with regard to switching from a conventional heating system, such as a boiler, to a heat 
pump.  
The Committee on Climate Change in their 4th carbon budget report mentions that heat pump take-
up at the assumed levels could end up increasing CO2 emissions if the installed units have COP lower 
than 2.5. This increase would be even higher if the electricity carbon intensity exceeds 50 g CO2/KWh 
by 2030 (CCC, 2013). Modelling studies have shown that in order for heat pumps to effectively reduce 
carbon emissions they should have a COP minimum 2.5 (Chaudry et al. 2015; Energy saving Trust, 
2013). 
These findings are in line with the EU Directive according to which the necessary condition that needs 
to be satisfied for a heat pump to be regarded as renewable technology is that the COP should be at 
least 2.5 (EC, 2009). Therefore, the more decarbonised the electricity supplied, the better is the 
environmental performance of the heat pumps and the higher the emissions savings (Lowe, 2007; 
 
7 The efficiency of condensing boilers and heat pumps is higher when they supply heat at lower temperature. A 
low-temperature heating system is defined as one in which the hot water leaving the heat generator is always 
at a temperature not exceeding 45°C or 35°C, even on the ‘design day’ (a day with cold weather conditions 
chosen for calculating the maximum heat losses from the dwelling), Building Energy Performance Assessment – 
support website, 2016.  
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Chaudry et al., 2015). In 2017, GHG emissions savings achieved by heat pumps installed in the building 
stock in Europe were 29.8 Mt (EHPA, 2018).  
Figure 3.2 shows a promising trend regarding decarbonising electricity production. The dash for gas in 
the late 1990s started pushing coal out of the electricity production, albeit slowly. The UK’s national 
and international emissions reduction commitments have resulted in diversifying the energy mix even 
further with the introduction of renewables. The higher the progress in terms of decreasing the 
percentage of gas in the fuel mix while increasing the renewables contribution, the more decarbonised 
the electricity used by heat pumps will be and thus the better their contribution towards reducing CO2 
emissions from generating heat in the residential sector.  
 
 
Figure 3.2: Fuel mix for electricity generation in the UK in Mtoe 
Source: National Statistics, 2018 
 
As Figure 3.3 shows, CO2 emissions from electricity generation have been going down between 1990 
and 2000, though there was a brief increase between 2000 and 2006 after which they decreased 
continuously until 2017. What has contributed towards emissions reduction from electricity 
production is the coal to gas ratio and the level of renewable electricity generation. Therefore, given 
the fact that heat pumps work with electricity, in order to achieve higher emissions savings from heat 
pumps the ratio of renewables to gas in the energy mix for electricity production needs to increase 
even further.  
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Figure 3.3: CO2 emissions from electricity generation in MtCO2 
Source: National Statistics, 2018 
 
3.6 The UK heat pump market  
The heat pump market in the UK is relatively “young”. While the technology has been known for over 
five decades, and the physical principles behind heat pumps have been known since the 19th century, 
heat pumps have only started entering the British market since the 2000s (SFOE, 2008; EHPA, 2017). 
Despite the fact that ground source are the most efficient types of heat pumps, the most common 
system in the British residential sector is the air source heat pump (EHPA; SVEP, 2005). This can be 
attributed to a number of reasons: the lower capital cost; the fact that air source heat pumps are less 
invasive since they can be installed in a balcony or hung on the external wall of the property without 
requiring digging for auxiliary equipment; they occupy much less space and finally they are suitable 
for both flats and houses. Usually ground source heat pumps are installed in commercial and industrial 
buildings because their heat demand is higher and they are more likely to have ample available 
external land. Figure 3.4 shows heat pumps sales in the UK between 2005 and 2017.  
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Figure 3.4: Number of heat pumps sold in the UK in 2005-2017 
Source: EHPA, 2018 
 
Two things can be deduced from the figure. The first is that the market is very small and the second is 
that the RHI has not really increased sales since its introduction in 2011. Sales started increasing in the 
late 2000s and have stayed almost stable until today. 
Certain reasons have been identified as the cause for the slow uptake. The abundance of natural gas 
supply from the North Sea which started in the 1970s, the extensive gas grid network, the popularity 
of natural gas as a heating fuel, being cheaper than electricity, and the subsequent domination of gas 
boilers as the main heating system across the country along with the high capital and running costs of 
heat pumps are considered the main obstacles with regard to heat pump uptake (Fawcett 2011; 
Nowak et al., 2014). Additionally, the poor condition of the UK housing stock (mainly old buildings 
with poor insulation), the traditional distribution heating systems (e.g. high temperature water-based 
radiators) that are not suitable for heat pumps which work more efficiently when they use low 
temperature distribution heating systems (e.g. underfloor heating or large radiators), the tenant-
landlord issue (landlords are not willing to undertake a heavy investment since they will not enjoy the 
improvements of the property) are also barriers to the expansion of the heat pump market (Fawcett 
2011; Eyre and Baruah, 2015). 
Low demand for heat pumps is linked with consumers’ perception. As field trials have shown, 
households have reported positive experiences after using a heat pump, but they have also expressed 
concerns about the high upfront investment costs and the complexity of these systems in comparison 
to the traditional boiler (Kelly and Cockroft, 2011). The lack of technologically skilled and trained 
personnel has also been identified as a barrier for potential buyers.  
Additionally, the financial subsidies and fiscal incentives (see section 4.9) introduced in the UK, were 
not sufficient enough to overcome the barriers described here. As can be seen in the next chapter, 
some measures aiming to alleviate the high capital costs of heat pumps stayed in place for a very short 
time e.g. 3-5 years, a period which is not sufficient for the diffusion of an innovative technology 
especially when the competitive technology (gas boiler) is very popular and massively used across the 
country. The next chapter provides some evidence around the slow uptake of heat pumps in the UK 
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in comparison to the other seven countries. These countries adopted a more comprehensive package 
of policies and measures, not exclusively financial subsidies and fiscal incentives, much earlier than in 
the UK. The package of policies and actions prepared the ground for the adoption of heat pumps by 
consumers and for the supply capacity of electricity, efficient units and after sale service from 
electricity companies, manufacturers and installers.  
The European Heat Pump Association has calculated the potential of all European markets, based on 
European census data on the number of households. The countries with the biggest difference 
between actual and potential sales are France, Italy, Germany and the UK. The UK is second in terms 
of the gap between its current market and its potential (EHPA, 2018). 
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CHAPTER FOUR: EUROPEAN HEAT PUMP MARKETS 
4.1 Introduction 
Heat pumps for space heating were first used in Zurich in 1938 where a town hall was heated by a 
heat pump using river water as heat source. This reached an output of 100 kW heat with a COP of 2.2 
(Sanner, 2017). The first heat pump in Switzerland had a lifetime of 63 years. Subsequently, heat 
pumps were installed in other buildings, indoor swimming pools, council administration buildings, for 
supply to the district heating network, in Zurich due to coal supply restrictions during the Second 
World War (Sanner, 2017).  
While the first ground source heat pump in Germany was installed in 1969, heat pumps for residential 
heating in Europe came to the market in the early 1970s after the first oil crisis where alternatives 
were sought for heating, and other end use energy services. Replacing oil for heating was much easier 
than in the transport sector. The technology developed further, and when the second oil crisis took 
place in 1979, there was even higher deployment of heat pumps mainly in Austria, France, Germany, 
Sweden and Switzerland (Sanner, 2017). Until the 1990s the markets across Europe fluctuated due to: 
lower prices of competing fuels and systems (e.g. oil and gas boilers); low standards and poor 
performance of the early systems; lack of well-trained installers; high capital costs; poor quality 
buildings little or no insulation; lack of information amongst consumers.  
In the early 2000s the European heat pump market started maturing. This took place faster in some 
countries than in others. The European heat pump market has been growing steadily since 2006, in 
terms of both sales and total stock, with the exception of a decrease in sales between 2009 and 2010 
and between 2011 and 2012. Figure 4.1 shows the development in sales of different types of heat 
pumps between 2006 and 2017 in Europe. 
 
Figure 4.1: Sales development by type of heat pump  
Source:  EHPA, 2018 
Note: H refers to primary heating function 
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The heat pump market share in the European residential building stock is 4%. Figure 4.2 shows the 
increase in the heat pump stock between 2005 and 2017. 
 
 
Figure 4.2: Total stock of heat pumps in Europe  
Source: EHPA, 2018 
 
 Since 1996, 10.56 million heat pumps have been installed in Europe.  
Three reasons have been identified as the main contributors to the heat pump market increase (EHPA, 
2018): 
• Technology improvements have been taking place which has made it possible for modern 
units to operate at a wide variety of temperatures.  For instance, heat pumps can function 
efficiently even at very low temperatures such as -25oC and provide hot water of 65oC.  
• There are commitments to emissions reductions across Europe and an energy transition 
supported by the decarbonisation of the heating sector, the deployment of renewable 
technologies in general and heat pumps specifically. The energy industry is anticipating 
increased demand for heat pumps and policy makers have been introducing relevant 
legislation and implementing supportive measures aiming to stimulate further heat pump 
uptake.  
• The increase in sales has resulted in lower costs creating economies of scale.  
All markets except for that in Italy (which had a huge increase of 46% in 2016), have showed 
substantial growth in 2017. While the statistics for the European market as a whole are very positive, 
only ten countries account for 88% of market sales. The five largest markets in Europe in 2017 were 
France, Italy, Spain, Sweden and Germany with 245 068, 178 850, 106 770, 104 246, 91 600 sales. Sales 
grew by 11.6%, -1.1%, 20.4%, 3%, 15.1% in 2017 from 2016 respectively (EHPA, 2018). Sweden, 
Norway, Denmark and Finland showed the biggest market penetration in the building stock with 
Denmark having the highest increase of units sold (EHPA, 2018).   
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Legislation that has been introduced at the EU level in order to increase energy efficiency in buildings, 
achieve higher emissions reductions, reduce energy consumption and increase heat generation for 
buildings from renewables, has set an encouraging framework for higher penetration of heat pumps 
in the markets.   
Heat pump markets across Europe have been affected by energy prices. The ratio between electricity 
and gas or oil prices (i.e. price of electricity/price of gas or oil) has been particularly important since 
these prices affect the running cost of a heat pump relative to alternatives. A high ratio would need 
to be compensated by high seasonal performance factors (SPFs) in order for a heat pump to be cost 
effective. In the latest market and statistics report by the European Heat Pump Association, electricity 
prices increased more from 2016 to 2017 than did gas and oil prices in nine (Belgium, Czech Republic, 
Ireland, Germany, Poland, Portugal, Slovakia, United Kingdom and Spain) out of the 21 countries 
included in the study (EHPA, 2018). In Austria, Denmark, Estonia and Sweden the increase was lower 
in comparison to that of the first nine countries while in the remaining countries (France, Italy, 
Norway, Finland, Switzerland, Hungary, Lithuania and the Netherlands) the ratio did not change 
between 2016 and 2017 (EHPA, 2018).  
The capital cost of heat pumps remains higher than that for other conventional systems in European 
countries (EHPA, 2018; Ground Reach, 2008). That means that consumers are faced with high initial 
investment costs which may hinder their decision regarding choosing a heat pump over a gas or an oil 
boiler. 
Heat pump markets in Europe have to overcome further barriers in terms of lack of public awareness 
and familiarity with the technology, and the lack of information campaigns by local authorities and 
the industry.  
 
 4.2 Austria  
In Austria heat in buildings has been generated with fossil fuel fired boilers, mainly with natural gas 
and oil, and radiator systems. Figure 4.3 shows energy prices between 1970 and 2002 and Figure 4.4 
shows the development of energy prices for mineral oil products over the same period. 
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Figure 4.3: Development of energy prices in Austria 
Source: EHPA and SVEP, 2005 
 
 
Figure 4.4 Development of energy prices for mineral oil products in Austria  
Source: EHPA and SVEP, 2005 
 
The first oil crisis in 1973 resulted in an increase in oil prices while the second oil price shock in 1979 
led to an even steeper increase. That created an opportunity for heat pumps to enter the market in 
quite a dynamic way, since households were seeking a way to reduce their energy bills from heating. 
Heat pump sales increased drastically, from 300 units sold in 1979 to 3300 units sold in 1981 (EHPA 
and SVEP, 2005). Sales decreased between 1981 and 1989 and then increased again until 2017 (EHPA, 
2018). Despite the rise in oil prices, heat pump sales dropped because of the poor quality of the first 
systems entering the market and their low efficiency.    
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In Austria, heat pumps have been supported by the Government, utility companies and the 
manufacturers and different measures have been implemented in different regions. In some regions 
there were no supportive measures at all. The Government established fiscal incentives such as 
subsidies in the form of a tax deduction for heat pump buyers or an upfront capital subsidy of between 
15% and 30% depending on the use i.e. water or space heating. Systems with an SPF between 3 and 4 
were eligible for subsidies (EHPA and SVEP, 2005; Kranzl et al., 2013). Table 4.1 shows the different 
subsidies which were implemented in the nine regions in Austria. 
 
Table 4.1: Heat pump subsidies in nine regions in Austria 
Region Subsidy  
Wien  Direct financial grant of €2000 
Vorarlberg Capital cost subsidy of € 700 for ASHP, € 1200 for GSHP with horizontal close 
loop systems and € 1600 for GSHP with vertical boreholes 
Niederösterreich Capital cost subsidy of € 1100 for heat pumps supplying hot water and  € 2200 
for heat pumps suppling space heating 
Burgenland Capital cost subsidy of € 750 for heat pumps supplying hot water and  € 1800 
for heat pumps suppling space heating 
Steiermark Low interest loans for households who want to install heat pumps 
Salzburg Running cost subsidy of € 174 /KWh electricity generated 
Tirol Direct financial grant of maximum € 3270. If the heat pump is not certified with 
the DACH label or if the installer is not certified the subsidy will be reduced 
Kärnten Low interest loans  
Oberösterreich  Capital cost subsidy of € 370 for air source heat pumps supplying hot water, € 
1500 for air source heat pumps suppling space heating and € 2200 for ground 
source heat pumps suppling space heating 
Source: EHPA and SVEP, 2005; Kranzl et al., 2013 
 
The utility company in Upper Austria carried out a policy of promoting certain reliable installers and 
communicating this information to their customers. If a heat pump, installed by one of their affiliated 
installers, had a failure, the utility company would support their customers against the installers or 
the manufacturers. If the latter did not take responsibility for fixing the system, they would stop being 
promoted by the utility company (EHPA and SVEP, 2005). Most utilities also offered special tariffs for 
electricity for households using heat pumps (EHPA and SVEP, 2005). Manufacturers stimulated the 
market by improving the efficiency of their products, i.e. by increasing the SPF of heat pumps to 4.5 
and higher. Installers on the other hand ensured that their employees were highly trained and well 
qualified and thus capable to install efficiently high-quality systems leaving customers satisfied with 
the overall service (EHPA and SVEP, 2005). This practice proved fruitful as households provided 
positive feedback resulting in further sales.  
The Austrian heat pump association along with the German and the Swiss associations introduced a 
quality label for heat pumps called DACH. The DACH label ensures the quality of the systems sold in 
the market by testing for a minimum SPF, including a 3-year guarantee and a 10-year guarantee for 
spare parts. Companies which are part of the agreement and adopt the DACH label offer a 24-hour 
service (EHPA and SVEP, 2005). Figure 4.5 shows the development of the Austrian heat pump market 
in number of heat pump sales between 1976 and 2017.  
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Currently heat pumps are concentrated in new buildings where due to high building standards they 
reach SPFs between 3.8 and 4.5. This segment of the residential market represents only 1% of the 
existing stock.  
 
 
Figure 4.5: Number of heat pumps sold in Austria in 1976-2017 
Source: EHPA, 2018 
 
4.3 Finland 
In the past, Finland has relied on biomass and oil for heating. In 1970 these two fuels generated 90% 
of the country’s needs for heating (Statistics Finland, 2013). Figure 4.6 shows the energy supply mix 
for the buildings sector (residential, commercial and public) between 1970 and 2010. 
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Figure 4.6: Energy supply mix for space heating in buildings 
Source:  Statistics Finland, 2013 
 
The heat pump market took off very fast from a couple of thousands units sold in the 1980s and the 
1990s to tens of thousands after the mid-2000s, reaching 62127 in 2017.  Figure 4.7 shows the market 
development in Finland between 1989 and 2017. 
 
 
Figure 4.7: Number of heat pumps sold in Finland in 1989-2017 
Source: EHPA, 2018 
 
Factors contributing initially towards heat pump uptake were: high oil prices; environmental 
awareness; and the desire to reduce the dependence on fossil fuels and imported energy. In addition, 
certain homes were not connected to the gas network and their sole fuel alternative was oil (Hannon, 
0
10000
20000
30000
40000
50000
60000
70000
80000
90000
1989 1994 1999 2004 2009 2014
Number of heat pumps sold 
29 
 
2015). Other factors that helped the development of the market can be divided into four categories: 
Government policies; infrastructural; market and research and development as shown in Table 4.2. 
Table 4.2: Factors that have shaped the Finnish heat pump market 
Category Factor 
Government 
policies  
• A target of 47% energy consumption for heating and cooling from 
renewables by 2020   
 
• Three times higher fossil fuel taxation since 2011 
 
• Stringent energy performance standards for buildings set by the National 
Building Code  
 
• Subsidy up to 20% on the capital cost when switching to a renewable 
system like heat pumps  
 
• Tax deduction between 45% and 60% of the renovation cost  
Infrastructural  • A dynamic building sector with efficient dwellings where heat pumps 
were installed in over half new homes 
Market • Implementing the successful Swedish business practices  
 
• High quality products and well trained and certified installers 
Research and 
development 
• Technological advances and economies of scale in the supply side lead to 
lower heat pump prices  
Source: SULPU, 2014; IEA, 2018; Nowak et al., 2014 
 
4.4 France   
The heat pump market in France started developing following the oil price shocks like in other 
countries in Europe (Ground Reach, 2008). Between 1975 and 1985 there was an impressive uptake 
which came almost to an end (sales were close to zero) in the late 1980s and early 1990s. From the 
early 1990s, it started to pick up again. The main reasons for the market failure were low quality 
products and a lack of highly skilled installers which led consumers to lose their trust in the technology, 
while oil prices were falling in the early 1990s (Ground Reach, 2008). 
The acceleration of the market in 1997 was helped by public authorities, institutions and utility 
companies. ADEME, the French environment and energy management agency, along with EDF, the 
national French electricity company and BRGM, the French mining and geological research board, 
initiated actions to ensure the quality of the systems in order to avoid the failures of the early years.  
New single-family houses were the focus of their initiatives because their heat demand could be 
calculated more easily and standards were higher due to better insulation through underfloor heating 
and double-glazed windows (Ground Reach, 2008). Such initiatives included the creation of the French 
heat pump association in 2002 which acted as the main coordinator between industry, installers, 
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energy companies and the public. The association’s aim was to bring all the market actors together, 
to organise the sector and to promote awareness amongst consumers and energy supply companies. 
Additional activities included testing innovative systems and providing consumers with free advice.  
The French heat pump association established two quality tools: one tests the quality of the actual 
heat pumps while the second ensures that installers are well trained to offer services of high standards 
(Ground Reach, 2008). The French heat pump market is served to a large extent by French 
manufacturers (85% of the systems are manufactured in France), while 5% of the market belongs to 
French companies which import their systems and 10% consists of foreign companies (EHPA and SVEP, 
2005). Finally, subsidies that have been implemented by public authorities and agencies aimed at 
influencing consumer choice in favour of heat pumps. Subsidies are in the form of tax breaks, 
reimbursing 50% of the price of the system (excluding the installation cost), The French national 
electricity company EDF, can offer a low rate loan for highly efficient heat pumps and ADEME can add 
subsidies in certain cases such as a heat pump for a collective dwelling building (EHPA and SVEP, 2005). 
Figure 4.8 shows the number of heat pumps sold in France between 1976 and 2017. 
 
 
 
Figure 4.8: Number of heat pumps sold in France in 1976-2017 
Source: EHPA, 2018 
 
4.5 Germany  
The main energy sources for the heating sector in Germany have been oil, coal and gas (EHPA and 
SVEP, 2005). The two oil crises in the early and late 1970s that resulted in higher prices for heating oil 
and gas. This gave room for alternatives, such as electricity, in the heating sector which had been 
dominated until then by oil and gas boilers (Ground Reach, 2008).  
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Despite the fact the electricity prices remained higher than gas, consumers responded to the steep 
increase in the price of gas and oil, mainly during the second oil crisis in 1979, and heat pumps started 
to attract their interest. The heat pump market became very dynamic in only eight years, showing a 
huge increase of sales from 500 units in 1973 to 14 000 in 1981 (EHPA and SVEP, 2005). The market 
collapsed after that for a long time until the early 1990s. The main reasons for this change were the 
poor quality of heat pumps and the lack of skilled installers (Ground Reach, 2008). In the mid-1990s 
the market started taking up again, with higher quality systems on offer. Environmental considerations 
also played a role in consumers’ choice for heating systems and heating fuels. Figure 4.9 shows the 
market development in Germany between 1976 and 2017. 
 
 
 
Figure 4.9: Number of heat pumps sold in Germany in 1976-2017 
Source: EHPA, 2018 
 
A number of actions taken by the Government, manufacturers and he installers, as well as the 
foundation of the German heat pump association, contributed to the revival of the market. 
Specifically, the Building Guideline of 1995 introduced higher building standards which improved the 
quality of windows and insulation. Therefore, heat pumps could work more efficiently resulting in 
lower energy demand, higher SPFs and consequently lower energy bills. These factors made them 
more attractive to consumers (EHPA and SVEP, 2005). Utility companies introduced special electricity 
tariffs for households with heat pumps. These tariffs vary from region to region. The German heat 
pump association, along with manufacturers and installers, undertook information campaigns in order 
to make people aware of heat pumps as an efficient alternative for heating and re-introduced 
improved high-standard systems. This strategy aimed to “erase” the initial bad experiences that 
consumers had from the early heat pumps sold in the market. The DACH quality label, similar to the 
one in Austria and Switzerland, is also part of the supportive mechanism and offers the same 
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standards. Finally, subsidies, which vary from state to state, were introduced across Germany. In 
Bavaria, for instance, the subsidy covered 25% of the investment cost of the heat pump up to a 
maximum of € 12 500. In Brandenburg, the subsidy covered up to 30% of the investment cost with 
maximum of € 613 /KW of proven heat demand (EHPA and SVEP, 2005). Some states did not introduce 
financial incentives. 
 
4.6 Norway  
Norway’s electricity production is based on hydropower. Annual production is between 90 and 150 
TWh depending on weather conditions (Baardsen, 2008). The average annual electricity consumption 
is 120 TWh and the gap between production and consumption is satisfied by imports from countries 
which rely on nuclear energy, natural gas, coal or oil (Baardsen, 2008). Post war electricity prices have 
been very low thanks to abundant hydropower and regulations set by the Government which wants 
to keep prices low. The exception to this is in dry periods when domestic production cannot satisfy 
demand and the country had to import electricity (Baardsen, 2008). The choice of buying electricity 
on the spot market is more cost effective than investing in natural gas plant which will only be used 
for short periods.  
The heat pump market in Norway is quite young. The first systems entered the market in the early 
1990s. Sales started increasing dramatically in the early 2000s, mainly due to the availability of new 
highly efficient heat pumps in the market. At the same time, due to dry weather conditions, Norway’s 
electricity prices increased but the new efficient heat pumps could “cope” by keeping the energy 
consumption (needed to produce heat) lower than that with the earlier less efficient systems.  
The heat pump market is divided between private dwellings, commercial, industry and district heating. 
Private dwellings have the lion’s share of the market (Baardsen, 2008). The rapid development of the 
heat pump market in the residential sector has also been helped by a number of policies as well as by 
factors such as the higher price of alternative fuels and the increased awareness of environmental 
protection and climate change. At the political level, six out of seven parties in the Norwegian 
parliament established an agreement to cut greenhouse gas emissions and put in place a number of 
actions including improvement of building standards with better insulation, banning the use of fossil 
fuels for heating in new buildings and increasing the share of renewables in the energy mix for heat 
and electricity generation (Baardsen, 2008).  
The Government created a public enterprise, Enova SF, in order to promote energy efficiency and the 
use of renewables for heating in buildings. Enova set up various schemes to support consumers who 
chose to install heat pumps by subsidising the capital cost by up to 20% of the investment. When 
electricity prices rose significantly between 2003 and 2006, the Government gave subsidies to 
households which installed heat pumps. These ranged between 25 and 40% of the investment. Figure 
4.10 shows the market development between 1987 and 2017. 
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Figure 4.10: Number of heat pumps sold in Norway in 1992-2017 
Source: EHPA, 2018 
 
4.7 Sweden 
In Sweden the heat pump market developed fast and successfully mainly due to the decoupling of 
electricity and oil prices since the 1970s and the oil crisis in the late 1970s (Kiss et al., 2012). Figure 
4.11 shows the development of the price of heating when it is provided by electricity (electric 
radiators) and by oil (oil boilers with 75% efficiency).  
 
 
Figure 4.11: Energy prices in Sweden between 1970 and 2004  
Source: EHPA and SVEP, 2005 
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In the early 1980s a number of subsidies in the form of grants, interest free loans and income tax 
breaks (equal to a certain percentage of the capital cost of the system) were given to consumers who 
installed heat pumps. The market took off for a number of reasons: the financial incentives; the lower 
running costs due to the ratio of electricity to oil prices (oil prices were rising due to the oil crisis); the 
fact that people were looking for a greener heating alternative; new energy efficient homes being 
added to the housing stock; and the general European environmental policy framework (EHPA and 
SVEP, 2005). Things changed after the peak of the market in 1984 when oil prices started falling, 
consumers were disappointed by the poor performance of the early systems and the lack of trained 
installers and the financial support measures were withdrawn (EHPA and SVEP, 2005). The market 
recovered again in the late 1990s – early 2000s when subsidies were re-introduced, heat pumps 
became more efficient and people’s environmental awareness had matured.  
Subsequent actions included the establishment of two heat pump associations, consisting of a large 
number of manufacturers, installers, and importers. They were responsible for training, campaigning 
and processing information, the Swedish training and certification scheme for installers, and two heat 
pump labels. One referred to the quality of the systems, while the other refereed to environmental 
performance (EHPA and SVEP, 2005). Besides the subsidies, the Government is also involved with the 
communication and the information side of the technology. Utility companies have also been active 
by financing research and development programmes (EHPA and SVEP, 2005). These initiatives have 
resulted in Sweden having the most robust heat pump market in Europe. Heat pumps are no longer 
considered an innovative alternative for heating but a natural choice for consumers who have been 
replacing their oil and electric boilers at a fast pace (EHPA and SVEP, 2005).  Figure 4.12 shows the 
market development between 1982 and 2017.  
 
 Figure 4.12: Number of heat pumps sold in Sweden in 1982-2017 
Source: EHPA, 2018 
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4.8 Switzerland 
In Switzerland in the 1980s, buildings were mainly heated by radiator systems based on heating oil, 
gas and wood pellets as heating fuel. The oil crisis in 1979 caused a steep increase in oil prices until 
the early 1980s when they started falling. In contrast, electricity prices have had a more stable 
development.  
The heat pump market in Switzerland has had two main phases: the first one was between 1973 and 
1989; the second was between 1990 and 2010. A number of activities took place during the first phase 
of the market. These included: guidelines set by the Swiss Association of Refrigeration in 1974;  the 
opening of a heat pump testing facility in 1980; and a conference on heat pump technology which 
took place in 1980, (Rognon, 2008; Rognon, 2006; Zogg, 2008). The market started growing only in 
1980 when oil prices increased, consumers started looking for alternatives and heat pumps were 
considered an interesting option. Few manufacturers and installers were around offering low quality 
products and services. After this first very slow uptake, the market dropped twice, once in 1982 and 
the second time in 1992. The two main reasons for this were the low quality of the early systems which 
led to high running costs coupled with the fall in oil prices by 1992. Additionally, lack of information 
and awareness amongst consumers, lack of knowledgeable and highly skilled installers were factors 
that inhibited the heat pump uptake in the early years of their commercialisation.  
The market started growing again in the early 90s when all market partners joined their efforts to re-
introduce and promote heat pumps as a viable heating system. The public started being more 
environmentally aware, which was not the case during the first phase of heat pumps entering the 
market in the late 1970s - early 1980s. Heat pumps were chosen not only due to favourable energy 
costs, but also due to their environmental performance (EHPA and SVEP, 2005).  
At the political level also heat pumps were considered a good option to reduce CO2 emissions and 
dependency on fossil fuels. The Federal Energy Office counted them as a renewable technology in the 
national energy programme Energy 2000, which set a target of 100 000 units installed in 2010 (EHPA 
and SVEP, 2005). Buildings standards were improved between 1970 and 1990 which made heat pumps 
an even more feasible and attractive alternative. Furthermore, certain requirements with regard to 
heat generated by non-renewable sources were adopted. For instance, the Canton of Zurich required 
that heat in buildings could be generated by non-renewable energies up to a maximum of 80% 
(Rognon, 2008; Rognon, 2006; Zogg, 2008). The heat pump promotion programme launched by the 
Swiss Federal Office of Energy aimed to replace up to 3.5% of the amount of heat produced by fossil 
fuels with heat from renewables (EHPA and SVEP, 2005). The Swiss Government introduced subsidies 
for heat pump buyers in the form of direct grants to subsidise the capital cost of the system. The level 
of the grant differs from region to region.  
Actions taken by the Swiss association for the promotion of heat pumps included information and 
marketing campaigns for consumers, the adoption of the DACH quality label, like Austria and 
Germany, exhibitions and after sale services. Manufacturers invested in research and development to 
improve the quality of heat pumps and utility companies carried out information programmes, 
provided after sale services and reduced electricity tariffs for households with heat pumps (EHPA and 
SVEP, 2005). Figure 4.13 shows the development of the Swiss heat pump market between 1980 and 
2017. 
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Figure 4.13: Number of heat pumps sold in Switzerland in 1980-2017 
Source: EHPA, 2018 
 
4.9 United Kingdom 
The UK established the Energy Saving Trust as early as 1992 with the general aim of advising and 
supporting households to improve their energy efficiency. All other policies started in the 2000s. Nine 
policies have been implemented in all. The majority (6) are in the fiscal/financial category, two are 
informative/educational and only one is legislative. Tables 4.3 and 4.4 describe the policies.  
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 Table 4.3: UK fiscal/financial policies for the residential sector 
Policy name Date in 
effect 
Description  
HOU-UK3: 
Reduction in VAT 
rate for energy 
saving materials 
2000-
ongoing 
A reduced VAT rate was applied on energy saving materials 
including heat pumps, biomass boilers, solar panels etc.  The VAT 
rate was reduced from 17.5% to 5%.  
HOU-UK5: Warm 
Front and Fuel 
Poverty 
Programmes 
2000-
2013 
Grants were given to vulnerable households to install energy 
efficiency measures such as insulation and central heating. The 
grant was up to £ 3500 (or £6000 when the refurbishment works 
included the installation of a renewable heating system). 
HOU-UK26: Stamp 
Duty - No stamp duty 
on zero carbon 
homes 
2007-
2012 
The scheme introduced stamp duty land tax relief aiming to 
stimulate the demand for zero carbon homes (zero carbon 
emissions) in terms of heating, lighting, hot water and all 
domestic appliances and to raise awareness amongst consumers 
about the need to live sustainably.   
HOU-UK34: Home 
Energy Efficient 
Programmes 
(Scotland) 
2013-
ongoing  
Vulnerable households receive financial help (grants) to 
undertake energy efficient measures, such as insulation and 
renewable heating technologies, in their homes. The goal is to 
tackle fuel poverty. The measure might not cover the whole 
investment cost and thus some contribution from the 
households might be needed.  
HOU-UK11: Green 
Deal 
2013-
2015 
The scheme introduced investment cost subsidies for renewable 
heating technologies or energy efficiency improvements such as 
solid wall, cavity wall, loft insulation and double glazing.   
HOU-UK12: 
Renewable Heat 
Incentive 
2011-
ongoing 
The scheme introduced subsidies on the running cost (p/KWh) 
of renewable heating technologies such as heat pumps, biomass 
boilers and solar panels.  
 Source: MURE II, 2019 
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Table 4.4: UK informative and legislative policies for the residential sector 
Policy name Date in 
effect 
Description  
HOU-UK7: 
Energy 
Saving Trust 
1992-
ongoing 
The Energy Saving Trust was established by the Government to help 
progress towards reaching GHG emissions reduction targets. The Trust 
provides advice to households regarding energy savings and energy 
efficiency potential measures that could help them reduce their energy 
consumption.  
HOU-UK24: 
Act CO2 
Campaign 
2007-
2011 
The Government-wide campaign aimed 
 
at promoting awareness vis-à-vis climate change, the need to tackle it 
and the everyday actions that can be taken by individuals to reduce their 
carbon footprint.  
HOU-UK37: 
Private and 
Social Sector 
Regulation 
(Scotland) 
2014-
ongoing 
The scheme sets minimum energy efficient standards for private and 
social homes. Social landlords are responsible to upgrade properties to 
meet the standards.  
Source: MURE II, 2019 
 
4.10 Summary of market promotion activities in European countries 
While all eight countries studied in this thesis have implemented all types of policies, most have 
focused on legislative and fiscal/financial policies. Only Norway has prioritised informative measures. 
France, Finland, Sweden and Germany introduced polices for energy efficiency in general and for heat 
pumps in particular in the late 1970s before everyone else. The UK has lagged behind in terms of 
taking measures to improve energy efficiency and to increase heat pumps sales in the residential 
sector. France, Germany and Norway have set up the highest number of energy efficiency favourable 
policies. Table 4.5 shows the total number of polices implemented and the number of measures in 
place per category and per country. 
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Table 4.5: Total number of policies implemented and in effect by category and by country 
Country Total number of 
policies 
implemented  
Number of policies still in effect 
Fiscal/Financial  Legislative  Informative 
Austria 7 1 1 1 
Finland 12 2 4 4 
France 17 6 2 2 
Germany 14 8 1 2 
Norway 19 2 1 4 
Sweden 12 0 2 1 
Switzerland 12    
United Kingdom 9 3 1 1 
 
France, Germany, Norway and Finland have the highest number of policies still in effect. One common 
element amongst these four countries is the comprehensive approach they have followed in order to 
create the necessary conditions for heat pump penetration in the residential heating sector.  
Switzerland, Austria, France, Germany and Sweden have set up several information/education 
activities targeting agents on both sides the demand side and the supply side: the public, heat pump 
installers, suppliers, manufacturers as well as state actors like local authorities. The aim of these 
initiatives is threefold. First they draw consumers’ attention towards a new renewable heating 
technology that they might have not been aware of; second, they serve as a training tool for installers; 
third they can communicate information between manufacturers and suppliers and local authorities 
regarding energy consumption needs, dwellings characteristics and thus the suitability of heating 
systems for meeting heating requirements. Informative measures can create a familiar environment 
for a new technology that has to compete with long standing alternatives in the market. They can 
answer questions that consumers might have regarding the performance of heat pumps and the costs 
associated with them. They can also communicate other policies that favour heat pump adoption e.g. 
financial incentives like investment grants and subsidies on the running cost. Claudy et al. (2011) found 
that households who were not aware of a technology were unlikely to adopt it. Energy advisory 
centres can also be important because they can offer free unbiased advice to households who seek 
an independent review of the technology vis-à-vis their individual circumstances. The role of 
information activities, such as policies, is explored in the econometrics model in chapter 7.  
Sweden and Switzerland have been moving in similar ways. Both countries have been establishing test 
facilities to improve the quality of heat pumps sold in the market, have been directing funds for 
research and development and have been offering structured seminars and training courses for 
installers. In some countries, like the UK, the lack of trained installers who can provide advices and 
reliable maintenance has hindered heat pump adoption by households (Fawcett, 2011). These 
measures have facilitated the development of high-quality heat pumps, have allowed for a number of 
companies to enter the market and for consumers to develop trust in the technology and in the 
suppliers. For the suppliers and manufacturers to understanding how an innovative technology works 
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better, what are the issues that need to be addressed and for the consumers to understand the 
advantages of using a heat pump is an important step to increase demand in the market. The state 
and the role of the supply chain support has not been captured in either of the two models due to lack 
of data. 
A second important policy is the improvement of building standards. As explained in Chapter 3, heat 
pumps work better in well insulated buildings. By setting regulations to minimise heat loss and to 
promote high efficiency standards, and consequently to reduce energy consumption and heat 
demand, heat pumps can become a viable choice for a larger number of people. Efficiency 
improvements in buildings and differentiation of dwellings based on their efficiency standards is 
discussed on section 8.2.1.  
Once consumers receive and assimilate relevant information about their own needs and the 
availability of potential heat pump options (i.e. type, size etc.), they can evaluate the suitability of each 
of them for their dwelling and their budget. Given the fact that heat pumps are still more expensive 
than any other option in the market in terms of capital cost (EC, 2016) and in some cases in terms of 
running cost as well, (EC, 2016) financial help could attract potential buyers. The role of the capital 
cost in the adoption of heat pumps by households is explored in the techno-economic model for 
England and Wales in chapter 7. The role of the running cost is explored in both models in chapters 7 
and 8.  
All countries except the UK have put in place policies that address the investment cost of heat pumps. 
Conversely, the UK has been implementing a subsidy on the running cost of heat pumps, spreading 
the burden for the society across a longer period of time. The two different approaches can trigger 
different consumer behaviour regarding choosing a heat pump. Specifically, consumers who are 
averse to receiving long term benefits, i.e. from lower energy bills, might reject a capital-intensive 
option unless they can receive a capital cost subsidy to alleviate the immediate big expense. In the 
absence of an investment grant, a loan could potentially provide the financial help needed to alleviate 
the immediate burden that consumers face. For instance, France has introduced a low interest, 2.9%, 
loan policy for households who install heat pumps. This low interest loan could stimulate demand 
amongst consumers provided they value energy efficiency, they can calculate the life-cycle costs of 
the heating systems and the rate of return for the investment.  
This approach would be more successful subject to consumers’ knowledge and access to information 
through for example advisory centres that have been operating in Sweden, Germany, Finland and 
Austria. On the other hand, low interest loans might still not be able to influence consumers’ choice 
towards favouring a heat pump, due to the fact that there are consumers who either do not value 
energy efficiency or who do not want to undertake a long term energy efficiency investment because 
they do not value energy savings in the future (Chunekar and Rathi, 2012).  
France has also implemented a fiscal policy which gives income and property tax breaks to households 
who adopt heat pumps and other energy efficiency measures. Switzerland has not followed only the 
carrot type of fiscal policies, but also the stick by imposing a carbon tax on emissions generated from 
the residential sector. The levy is then redistributed to households, to companies and to finance a 
programme to improve energy efficiency in buildings.   
The role of policy is not easily evaluated given the fact that countries with similar policies have been 
showing different levels of heat pump market penetration. For instance, in Switzerland a number of 
surveys took place after the introduction of an investment subsidy for heat pumps. 85% of 
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respondents said that they would have bought a heat pump even without the subsidy (Rognon, 2008). 
The results from the survey led to the subsidies being stopped after only two years.  
It is worth mentioning that the countries with the most robust heat pump markets are the countries 
with the lowest number of policies, i.e. Austria, Switzerland and Sweden and Finland. There are several 
reasons. Sweden and Switzerland have similar energy systems given that they are both heavily depend 
on electricity and thus heat pumps have been considered in both cases a natural choice, especially 
after the systems being improved since they first entered the market. These four countries are all of 
similar population size and relatively small, unlike France, Germany and the UK. The two pairs of 
countries have similar climatic conditions, Austria and Switzerland in central Europe and Sweden and 
Finland in the North of Europe. The climatic conditions are represented in the econometrics model in 
chapter 7 by the Heating Degree Days (HDD). HDD is a measure of the difference between the comfort 
indoors temperature, which is called the baseline temperature, and the actual outdoors temperature 
multiplied by the number of days of the year or the month that the outdoors temperature is below 
the base temperature. For instance, the base temperature used to calculate heating degree days in 
the UK and other European countries is 15.5ºC, because at this indoors temperature most buildings 
do not need supplementary heating (Carbon Trust, 2019). Norway also depends on electricity for 
heating having had a long-standing national market, suppling large quantities in low prices (Bjornstad, 
2012).  
In France, Germany and the UK the gas share in the energy mix is much higher than in the other five 
countries. The availability of gas heating is described in the econometrics model by the share of natural 
gas in the residential sector variable and in the techno-economics model by the amount of dwellings 
that use natural gas as a fuel and gas boilers as a heating system. The role of policy in these countries 
could therefore be far greater given the fact that targeted and well-thought out measures are needed 
in order to overcome institutional, financial and structural barriers. The UK market is the most recent 
and the least developed; it is the only country in the sample where heat pump sales started much later 
in the 2000s, while in the rest of the countries sales started in the 1970s. One big difference between 
the UK and the other seven countries is the different approach regarding the type of financial/fiscal 
policies they chose to implement. Specifically, unlike all other countries which implemented an 
investment subsidy policy, the UK, outside a brief period where they implemented a capital subsidy 
(for two years within the scope of the Green Deal programme) has a policy of subsidising running costs 
subsidy through the Renewable Heating Incentive. Market data show that the RHI did not result in an 
increase in the number of heat pumps being installed between 2011 and 2017 (the latest year data 
were reported for). 18500 heat pumps were sold in 2011 while six years later sales had actually 
dropped to 18386 (EHPA, 2017).  
Legislative and informative policy measures across the eight countries are not that different in terms 
of their economic impact on society as a whole. This is mainly because they are not as costly as 
fiscal/financial measures and human capital represents the main cost during the launch period. 
Fiscal/financial policies which require constant funding the exact level of which cannot be determined 
in advance. There is also the issue of choosing which type of fiscal/financial policy to implement, i.e. 
an investment or a running cost subsidy. There are challenges in deciding whether to offer an upfront 
lump sum of money to households who want to install an innovative heating system, as opposed to 
spreading the funding over a longer period of time by subsiding the price of electricity. Investment 
cost subsidies and grants represent a big burden for tax payers and the society in general (Sorrell et 
al., 2004). Evaluating the cost-effectiveness and the role of each type of policy in heat pump adoption 
is crucial for policy makers and utility companies.  
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Another issue with fiscal policies is their duration. The general rule is to implement a policy for as long 
as it takes to see an increase on the demand side of the market. When the market is considered mature 
enough and economies of scale have led to lower capital costs, the policy can be withdrawn. A further 
general observation is that the effectiveness of a policy also depends on the way it is communicated 
to the public (Claudy et al., 2011). Policies need to capture consumers’ attention in order for them to 
assimilate information about incentives which can then overcome barriers in order to achieve 
adoption of an innovative renewable technology (Stern, 1999). 
All countries present a similar trend in the development of heat pump sales.  Between the early 70s 
or early 80s and the early 00s, there was very weak heat pump uptake. After 2004-2005 sales started 
taking off hugely until 2015-2017 when the increase in heat pump sales started slowing down and 
almost stopped. One reason is that in the early years of heat pumps entering the market, consumers 
did not adopt a new, expensive and not always efficient technology. Later on when heat pump 
technology had improved, supportive incentives were introduced, environmental issues became more 
urgent and of greater concern, consumers became more aware of the potential benefits this 
innovative heating system had for them and the environment and, as a consequence, started choosing 
them over the more traditional conventional systems. Consumers’ decision making in heating choices 
is expressed in the econometrics model in chapter 7 as the number of heat pumps sold every year in 
each country. In the techno-economic model, the model identifies the cheapest heating system and it 
is assumed that households would choose the cheapest option. This assumption expresses the actual 
consumer decision making in heating choices. Since the market had taken off, countries then started 
reducing some financial incentives, which can explain the slowdown from the early 00s onwards. 
Societal norms are not accurately captured by either of the two models due to lack of data. In an 
attempt to capture consumers’ environmental awareness and behaviour (i.e. households might not 
want to install a carbon intensive system in order not to contribute to an increase in CO2 emissions 
from the residential sector), the econometrics model, in chapter 7, includes as a proxy the CO2 
emissions from heat and electricity. 
 This thesis attempts to cast light on this issue as lessons from the policies in certain countries are not 
clear. 
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CHAPTER FIVE: LITERATURE REVIEW 
5.1 Introduction  
There is substantial research in analysing residential energy use but not as much in describing demand 
for space and water heating systems that supply energy. This chapter will assess the work that has 
been done in explaining consumer’s choice with regard to heating systems as well as the theory of 
diffusion for innovative technologies. The literature review includes studies with quantitative analysis 
methods such as statistical analysis; econometric analysis; bottom-up models; and hybrid models.   
The literature review covering the development of heat pumps and other renewable heating 
technologies such as solar panels, photovoltaics for the residential sector in the UK and other countries 
(Norway, Sweden, Denmark, Finland, Germany, France, Ireland, the Netherlands, the United States 
and Canada). The purpose of this review is three-fold. The first purpose is to understand how heat 
pumps compare with other competing technologies in the market of the residential sector in terms of 
growth and adoption by consumers. Gathering knowledge around this will help me to identify the 
factors that played an important role in heat pump and other renewable heating technologies uptake, 
the policies that contributed towards this as well as the barriers responsible for consumers’ reluctance 
to switch from conventional to innovative heating systems, in the UK and abroad. The second purpose 
is to review and understand the methodologies that have been followed by researchers in order to 
analyse data with view to study the uptake of heat pumps and other renewable heating technologies 
or their weak market penetration. This will allow me to identify appropriate methods and data sources 
that can be relevant for my research. The third purpose is to determine the key gaps in the current 
knowledge which I will attempt to bridge with my work. 
The first part of the literature review is a brief analysis of the theory behind diffusion of innovation 
which can capture factors that are not easily observed in the form of data and therefore they cannot 
be included in quantitative studies in order to analyse their contribution and to quantify their impact 
on consumer demand for renewable heating technologies. 
The main focus of this chapter is to present the different methodologies that have been used in the 
literature with regard to the adoption of innovative heating technologies. I will therefore review 
research papers that use statistical and modelling techniques to analyse the reasons behind 
consumers’ demand for heat pumps and other heating alternatives as well as the reasons for not 
adopting innovative technologies, in the UK and in other countries. The modelling techniques include 
econometric and bottom-up models. I will describe what is targeted by applying various 
methodologies and I will highlight their advantages for doing so.  
This chapter includes modelling studies with regard to renewable technologies adoption by 
households. Other literature strands such as field trials, supportive policy measures for heat pumps 
and the general state of knowledge for the UK and other European countries are described in chapters 
3 and 4.  
The research papers that are reviewed here are divided based on the methodology followed. 
Quantitative studies include modelling work such as: bottom-up modelling studies, econometric 
modelling studies, and hybrid modelling studies 
The structure of this chapter is as follows: section 5.2 will describe the theory behind diffusion of 
innovative technologies and will present some studies that have looked at the market penetration of 
innovative renewable technologies using diffusion models; section 5.3 will present studies using 
44 
 
quantitative methods; section 5.4 will present studies with hybrid models and section 5.5 will 
summarise the findings, will evaluate the relevance of the reviewed literature to my research and will 
refer briefly to the reasons underlying the choice of methodology used in this thesis.  
 
5.2 The theory behind diffusion of innovation 
Diffusion of innovative technologies has attracted the interest of the research community. “The theory 
of diffusion of innovation assumes that consumers’ choices are influenced by the choices of others” 
(Kasanen and Lakshmanan, 1989). Diffusion of innovation theory explains the stages that take place 
in order for an innovation to be adopted by individuals. Rogers (2003) argues that diffusion of 
innovation follows an S-curve and it takes place through communication, either by market campaigns 
or through the early users who influence potential adopters. Rogers (2003) has described the diffusion 
process in five stages: innovators, early adopters, early majority, late majority and laggards. Early 
adopters are reported to adopt an innovative technology because of individualistic motives while late 
adopters take the decision driven by motives related to societal benefits (Rogers, 1995). The diffusion 
of an innovation varies vis-a-vis the speed and the degree of its market penetration. According to 
Rogers (1995) “this variance is related to five aspects of the technology: the relative advantage, the 
compatibility, the complexity, the trialability and the observability”.  
Despite the fact that some consumers can see earlier than others the advantage of switching to an 
innovative technology there are aspects that stop them from proceeding to its purchase. The fact that 
the operation of a new system might be too complicated, the fact that consumers cannot try it in 
advance for some period of time to assess its relative benefits, the limited information regarding the 
existence of an innovative technology in the market or the difficulty to process information, the lack 
of compatibility with a households’/dwelling’s characteristics (e.g. lack of connectivity to the gas grid 
network), or the lack of observability when a potential adopter does not know people in his/her social 
network who have already adopted and installed an innovative system, can act as barriers to the 
diffusion of innovation (Rogers, 1995). Geroski (2000) presents the use, the mathematical calculation, 
and the differences of the two main models, most common in the literature, that explain diffusion of 
innovation: the epidemic8 and the probit9 models.  
While there is a large number of studies analysing the diffusion of various innovations such as 
pharmaceutical drugs (Desiraju et al., 2004), consumer products (Bass, 2004), consumer durables 
(Bottomley and Fildes, 1998), wireless telecommunication (Anderson et al., 2008), computers (Chow, 
1967), the use of diffusion modelling for renewable heating technologies is limited (Rao & Kishore, 
2010). Diffusion of renewable technologies depends on socioeconomic, institutional and technological 
factors.  Renewable technologies are often more costly than conventional technologies and thus 
policies acting as incentives (other than their environmental and perhaps the less obvious socio-
economic advantages) for the consumers are needed in order for them to penetrate massively in the 
market.  
Lund (2007) studied the diffusion of renewable technologies using a market diffusion model for a 
heterogenous group of countries (e.g. Finland, Austria, Germany, China, UK, USA, Denmark, Norway 
and Sweden). The role of different supportive policies which were introduced in order to promote 
 
8 In the epidemiological model: what limits diffusion is the lack of information (Geroski, 2000).  
9 In the probit model individuals adopt a new technology based on their goals and needs (Geroski, 2000).  
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energy efficiency was also evaluated. The study included the following energy efficient technologies: 
heat pumps; wind power; photovoltaic; lighting (fluorescent, sub-CFL and ballast). The policy 
effectiveness was measured as energy produced or saved per unit of public support. The level of 
diffusion of technologies showed the effectiveness of different measures in each country. The policies 
in question, depending on the public financial resources, were grouped under two categories: subsidy-
type and catalysing measures, excluding informative and legislative types due to the difficulty of 
capturing certain aspects such as administrative costs. Amongst the policy measures were feed in 
tariffs (subsidy-type), investment grant (subsidy-type), technology procurement (catalysing), business 
driven (catalysing), green certificates (catalysing).  
For heat pumps three policies were modelled: investment grant, technology procurement and 
business driven. The outcome in the model was the number of heat pumps, solar panels or 
photovoltaics that were installed, and the resources were the amount of public investment and 
support (i.e. the subsidies and the catalytic measures). The energy cost from using each different 
technology (in € / MWh) was also included in the model as an indicator of policy effectiveness. Lund 
(2000) used real market data for the model. The modelling exercise showed: firstly that market 
penetration under subsidy-type measures depends heavily on the level of financial support while 
catalysing measures facilitate a successful market development; secondly that catalysing measures 
resulted in lower policy effectiveness than subsidy-type measures and thirdly that the results from 
grants and subsidies are shown much later than their implementation when technologies have started 
to penetrate well in the market and are no longer considered just a niche (Lund, 2000). 
Owen et al. (2013) conducted a study to identify the factors that motivated or discouraged heat pump 
adoption through a subsidy programme in East Yorkshire. The authors, basing their work on the theory 
of diffusion, developed a framework to describe the factors that influence the adoption and the use 
of a renewable technology. The conceptual adoption framework is described in figure XX.  
        
     
 
Figure 5.1: Conceptual framework for the factors that affect the adoption, use and impact of 
domestic green technology (ASHPs in this case). 
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The authors aimed to investigate which of the factors played the most significant role in heat pump 
adoption and use and under which conditions at different stages of households’ decision-making 
process. The “Place attribute” should be given attention because it gives useful insights regarding the 
socioeconomic characteristics of the population, the climate, the building stock, connectivity to the 
gas grid, the local policies in place etc, which can help in the design and the implementation of local 
supportive schemes for the adoption of an innovative technology. Owen et al. (2013) interviewed six 
homeowners who had adopted air source heat pumps, two managers for the subsidy scheme and four 
building surveyors and installers. The interviews showed that households who intended to buy a heat 
pump were looking for an efficient heating system and did not express any interest in the low carbon 
aspect of the technology. The factors that had the highest impact on households’ decision to adopt a 
heat pump were the advice from friends, family and professionals, living close to people who had 
already adopted a heat pump, lack of connectivity to the gas grid network, financial help to undertake 
the costly investment. The scheme facilitators claimed that involving councillors in the adoption 
process of heat pumps would encourage households as they would feel more confident.  
Barriers to heat pump adoption were the high investment cost of a heat pump, the disruption and 
inconvenience that would emerge from redecorating the house in order to fit a heat pump and being 
unfamiliar with the technology. If an oil boiler and a heat pump cost the same amount, households 
would choose the former because they knew how to use it and there was no perceived complexity 
associated with it. The capital subsidy scheme did not always prove sufficient to overcome the costly 
investment barriers. Unwillingness to replace the radiators (which is a requirement in order to install 
a heat pump), was stronger than any financial benefits from lowering energy consumption and savings 
from electricity bills that would take place from using a heat pump. The performance of the system 
and noise were also mentioned as barriers to adoption. People who have been using gas or oil boilers 
expect heat pumps to deliver heat as fast as boilers. Giving up space for the water tank had also 
negative impact on heat pump adoption as did the lack of proximity to trained installers which would 
make it difficult for adopters to seek for advice or have someone for maintenance and repair fast if 
needed. One household reported lower electricity bills by 50% while one household reported higher 
bills which could be attributed to electricity being more expensive than gas. All other households felt 
that increased comfort and quality of life were the main benefits from using an air source heat pump. 
The authors concluded that area based supportive schemes could be more effective than a general 
scheme for the adoption of innovative technologies. 
Islam (2014) applied the theory of disruptive innovation to forecast diffusion of solar photovoltaic 
based on technology attributes and the households’ preferences for these attributes in Ontario, 
Canada. Islam (2014) applied at the first stage the theory of disruptive innovation to predict 
qualitatively the adoption of solar photovoltaics, i.e. to predict if households would adopt this 
technology and at the second stage the innovation diffusion model to derive quantitative results. The 
data were collected through a survey of 372 households who own their home and do not have any 
micro-generation technologies. The final sample consisted of 298 respondents.  
At the first stage, four drivers were used to explain the probability of households adopting solar 
photovoltaics: cost related factors, environmental benefits, market development and policy and 
demand inducing drivers. Cost related drivers included total investment cost of the technology and 
payback period, environmental benefits including energy cost savings and carbon emissions 
reductions, market development and policy included tax incentives and grants, a Feed In Tariff scheme 
for selling electricity to the national grid and the possibility of government policy changes regarding 
energy technologies and the demand inducing drivers included the yearly inflation on fossil fuel cost 
and the share of households that have already adopted the technology. These nine features have been 
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allocated four options (e.g. for different subsidy levels, four different CO2 emission levels, four payback 
periods etc.) and households were asked to choose one option for each feature. The results from the 
first model regarding the diffusion of the technology amongst the households in the sample from 
Ontario showed that: the total installation cost was ranked more important than the payback period 
for the cost related factors; the energy cost savings had higher importance in relation to carbon 
emissions savings in the environmental benefits factors; the rewards from exporting electricity back 
to the network was the most important aspect within the market development and policy driver and 
the yearly inflation of fossil fuel costs was ranked more important than the share of households who 
have already adopted a solar photovoltaic for the demand inducing driver. 
At the second stage, the innovation diffusion model, which was an extended version of the Bass model 
(Bass, 1969), included sociodemographic characteristics of households such as: environmental 
awareness, age, education level, attitudes and preferences vis-à-vis the attributes of solar 
photovoltaics for electricity generation in residential buildings. The study concluded that households 
with younger members are more concerned with environmental issues and are willing to adopt 
innovative technologies and to overlook higher costs that are observed especially in the early days of 
an innovation entering the market. These households are the early adopters. Energy cost savings, 
reward from selling electricity back to the network and influence from peers have on adoption rates. 
Technology awareness had also a positive effect on the rate of adoption. 
Hlavinka et al. (2016) studied the diffusion and market uptake of heat pumps in the Pacific Northwest 
in the United States. They used Jain and Rao’s (1990) and Fernandez’ (1999), extended version of the 
Bass (1969) diffusion of innovation model to study the effect of a subsidy on the installation cost of 
heat pumps and expenditure (e.g. advertising campaigns, education and training of installers) made 
by the Northwest Energy Efficiency Alliance (NEEA). The data came from (NEEA) and consisted of 
actual dustless heat pump installations in 15606 single-family households, between 2009 and 2013. 
The probability of a heat pump installation in the model is a function of: the installation cost, the state 
tax credits, the subsidy provided by utilities, the expenditure made by NEEA and the month of 
installation of each unit which controls for differential seasonal demand (during the coldest months 
of the year heat pump installations were increased). The study showed that investment cost has a 
negative and significant effect on heat pump sales while the NEEA expenditure has a positive inelastic 
effect on the demand for heat pumps, but it is not statistically significant.  
Hlavinka et al. (2016) also run a market simulation model with respect to different levels of subsidies 
in relation to the one currently in effect ($1500 per unit) going as far as $3500 per unit. The model 
showed that heat pump sales increase up to $2750 and then start decreasing possibly due to the fact 
that such high level of subsidy result in exhausting the available budget for financial help with upfront 
costs and a large number of households are not willing or cannot pay the whole price of a heat pump. 
Heiskanen and Matschoss (2017) studied the factors that influence the choice of heating systems 
amongst households in European countries. They reviewed studies of four renewable technologies: 
heat pumps; solar photovoltaics; solar thermal systems for domestic hot water and space heating and 
advanced biomass heating. Their contribution was to highlight the different motivations and barriers 
that affect homeowners’ heating system choice and their willingness to pay for a particular technology 
across European countries taking into account the different level of maturity in each market. The study 
revealed that socioeconomic factors affecting consumer choice for heating systems (cost of the 
heating system, household’s income), demographic (age, household type) and psychographic 
(attitudes, knowledge) are those that have mainly been evaluated. Income appears to be positively 
correlated with the adoption of a renewable technology in the case of moving from low to middle 
income. Age is negatively correlated with the adoption of a renewable technology. The relationship 
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between the cost of the heating system and the willingness to pay is not clear because the required 
rate of return varies for each technology and for each country. For the UK for instance, the rate of 
return varies from 2% for heating systems in general (Cayla et al., 2011), to 16% (for ground source 
heat) and 22% for wood pellets (Rouvinen and Matero, 2012) to 34% for diverse renewable solutions 
(Scarpa and Willis, 2010). Education seems to be correlated with the adoption of an innovative system 
rather consistently as Karytsas and Theodoropoulou (2014) showed in their study for heat pump 
adoption in Greece and Garcia – Maroto et al. (2015) showed in their study for wood-pellet systems 
adoption in Spain.  
The decision to adopt an innovative technology is influenced by environmental values and interest in 
the technology while adopters of conventional systems are mainly driven by comfort and convenience 
issues (Faiers and Neame, 2006; Leenheer et al., 2011; Woersdorfer and Kaus, 2011; Palm and 
Tengvard, 2011). This builds on the innovation diffusion theory from Rogers (Bjornstad, 2012; 
Muyingo, 2015; Rogers, 1995). It should be said that what is considered innovative for the consumers 
in one country might not be for those elsewhere. For instance, heat pumps might seem innovative for 
Germans but not for Swedish or Norwegians.  
The local social environment of the household can also play a role in the decision or not to adopt an 
innovative heating system. Peer influence from family and friends or recommendations from installers 
can have an encouraging or discouraging role (Sopha et al., 2010; Muyingo, 2015; Palm and Tengvard, 
2011; Mills and Schleich, 2009; Ornetzeder, 2001; Schelly, 2010). Activities from local organisations 
have been showed to stimulate the adoption of innovative renewable heating systems especially at 
the early stages of the diffusion process. For instance, information campaigns that offer advice to 
consumers on the new technologies and their suitability for their home, on their energy consumption 
and the best way to reduce while improving efficiency at the same time and funding support to help 
potential adopters to undertake a cost intensive investment have been (Michelsen and Madlener, 
2011; Mahapatra et al., 2011). Available trained installers and service providers locally increase the 
likelihood of an innovative system being adopted since consumers feel they will be provided with after 
sale service in case of the system breaking down or performing poorly (Lundh, 2009; Roy et al., 2008).  
Heating system adoption varies from country to country. For instance, in countries rich in wood and 
hydroelectricity it is more likely that biomass systems and heat pumps will be chosen respectively. In 
term of climate, sunnier countries would favour investments in solar systems (Stoiciu et al., 2004). 
However, the availability of resources cannot always justify the promotion, through policy 
intervention or industry investment, of biomass systems, solar or heat pumps in European countries 
(Karteris and Papadopoulos, 2012; Heiskanen et al., 2007; Tsoutsos and Stamboulis, 2005; Zimny et 
al., 2015). The ratio of private ownership v. rental properties is different across countries. The UK, 
France, the Netherlands, Belgium and Germany have high ratio of rental properties. This is considered 
a barrier for a household when it comes to deciding amongst heating systems.  
An innovative technology represents a costly investment which is not to the interest of the tenant to 
undertake not is to the interest of the landlord to install it and thus homeowners are more likely to 
adopt a renewable heating technology (Balcombe et al., 2013; Stigka et al., 2014; Ameli and Brandt, 
2014; Sardianou and Genoudi, 2014; Jaeger, 2006). The policy framework in each country could be a 
driver for the diffusion of innovation. Though there is a number of policy instruments that can 
encourage consumers to choose a renewable heating system, the most commonly mentioned 
instruments are financial incentives and mainly subsidies (Ameli and Brandt, 2014; Garcia – Maroto et 
al., 2015; Claudy et al., 2011). Cansino et al. (2011) conducted a review on subsidies, tax incentives 
and other financial instruments to promote the adoption of heat pumps, solar and biomass systems. 
Although financial incentives can be essential to encourage adoption at the early stages of the 
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diffusion curve, cost competitiveness is not a sufficient condition for a continuous market uptake and 
therefore subsidies or tax incentives are not a panacea, Karakaya et al. (2015). Demonstration 
facilities, training, qualification and certification of installers have been important for the diffusion of 
photovoltaics in Germany (Dewald and Truffer (2011) and Strupeit (2017). Mahapatra et al. (2007) and 
Jimmy et al. (2013 - 21) also demonstrated that non-financial incentives had were of equal importance 
for the adoption of wood pellets in Sweden and heat pumps in Poland respectively. The adoption of 
renewable technologies is also affected by the market and the access to conventional fuels and 
systems. For instance, biomass and heat pump adoption level depends on the accessibility and the 
competitiveness of gas and district heating (Heiskanen et al., 2013; Caird and Roy, 2010, Hannon, 
2015; Verma et al., 2009; Bayer et al., 2012; Bauermann, 2014). Studies suggest that the adoption of 
one innovative technology can be affected by the adoption of another innovative technology, meaning 
that heat pumps, solar systems and biomass systems can compete for the same segment in the market 
(Rouvinen and Matero, 2012; Michelsen and Madlener, 2011; Mahapatra et al., 2009).  
Martinopoulos et al. (2018) conducted studied the adoption of various heating systems in European 
Union countries based on their techno economic characteristics. The study gives a review of the main 
heating systems and the respective fuels used in the EU. Electricity is the primary energy source with 
43% of the market, followed by biomass with 20% market share while oil and gas have the lowest 
shares which have remained the same over the last ten years. The authors argue that amongst the 
factors that affect consumers choice for heating systems are the investment cost, the running cost 
and the reliability of the heating system.  The study concluded that different heating systems are the 
most cost effective in different countries. For instance, in Germany a natural gas boiler is the most 
cost-effective solution while in Slovenia, Italy, Croatia and the UK wood stoves have the lowest running 
costs. In Portugal, Sweden and the Netherlands pellet-hot water boilers are the most cost-effective 
heating solution. In all other EU countries ground source heat pumps have the lowest running cost.  
According to the authors, the choice for heating system will also be influenced by the feasibility of 
installation, e.g. space availability (especially for large units like ground source heat pumps), 
infrastructure availability (connection to the natural gas network), fuel availability, investment cost, 
maintenance requirements and environmental impact.   
Researchers who study the adoption of renewable energy technologies, following the diffusion of 
innovation theory, showed that sociodemographic characteristics of households, economic aspects 
related to technologies and policies have a significant influence on consumers’ choice. Specifically, the 
age is negatively correlated with the adoption of innovative technologies, with younger households 
being more likely to install such systems. The capital cost of the technology is also negatively 
correlated with the probability of adopting a renewable energy system and in a study for households 
in Ontario is more important than the running cost of the system. A study for heat pumps in the Pacific 
Northwest in the United Sates concluded that a capital grant, twice as much as the currently 
implemented level, can increase heat pump uptake but any higher can actually decrease uptake 
because it exhausts the available Government resources too early.  
 
5.3 Quantitative studies   
5.3.1 Statistical analysis of survey data 
The authors of the studies that are included in this strand have conducted surveys to gather data and 
have analysed the responses statistically. 
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Jaeger (2006) conducted a survey to study the effect of an initiative to promote photovoltaic (PV) 
systems in Groningen (the initiative was introduced by the municipality of Groningen). The initiative 
included grants for certain types of PV systems. In order for potential buyers to be aware of the 
scheme, the municipality organised an information campaign with leaflets and meetings providing 
information regarding the types of systems that were covered by the scheme, the costs, the level of 
grants and the administrative procedure that had to be followed. The survey was conducted through 
questionnaires that were sent to 279 people who had installed PVs and they included questions about: 
sociodemographic characteristics, environmental awareness, evaluation of the information meetings 
and motivations10 for having purchased PVs. The fact that 71% of those who received the 
questionnaire responded, showed high involvement and participation in the survey. Questionnaires 
about environmental awareness were also sent to 108 representative inhabitants in Groningen in 
order to compare their answers with those from PVs buyers.  
The results showed that respondents who had bought a PV had higher environmental awareness than 
the representative inhabitant who had not installed this system. Regarding the importance of the 
factors that affected the decision-making process, ranked from 1 (unimportant) to 5 (very important) 
the results showed that the only factors, which scored above 4, were the PV’s contribution to a better 
natural environment and the grant. All other motivations (including the social network influence, the 
independence from the electricity supplier and the property value) scored lower than 3. The 
information meeting, albeit having had a moderate turn up (50.8% of the participants to the survey), 
played a positive role in convincing people to buy a PV since: it informed successfully potential 
adopters about the existence of the grant scheme; about the process needed to be followed for the 
application and it also reduced people’s fears of the technical installation an issue that was considered 
before the meeting as a barrier to adopting PVs. The instruction evening was attended by 43% of the 
participants and it resulted in reducing even further the perception of the technical installation being 
a barrier for buying a PV system.  
Nyrud et al., (2008) conducted a survey to evaluate the factors that influence consumers’ behaviour 
towards bioenergy heating in Norway. They investigated the factors that are responsible for having 
switched towards a new more efficient wood stove (for those households who were not using a wood 
stove) or for those who have been using a wood stove to stick to a more efficient version of the same 
system, following a subsidy which was given to households as a motivation to install the improved 
wood stove system and thus to continue using bioenergy for heating. The study was carried out 
through questionnaires which were sent to all households who received the subsidy, of which 67% 
responded. Nyrud et al., (2008) tested the following seven factors: economic benefits (fuel and 
maintenance costs); subsidies (on the capital cost of the wood stove); heating effect (efficiency and 
comfort); time effort (how much time is needed to operate the new wood stove); subjective norm 
(family and social network’s opinion on installing a new wood stove); environmental concern (how 
much do consumers value the new wood stove’s contribution towards local and global environmental 
improvement); knowledge of operating the new wood stove; satisfaction from using the new wood 
stove. The authors built a Customer Loyalty model (that follows the Theory of Planned Behaviour) 
which measures the utility for the consumer, here from using a bioenergy-based heating system 
(Ajzen, 1985). The responses were analysed statistically.  
 
10 Amongst the motivations were: the grant, the improvement of the natural environment, the increase of the 
property value, influence from the social network, the administrative procedure for applying for the grant, the 
technical support offered by the municipality (Jaeger, 2006). 
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The results showed that: the perceived environmental performance of the improved wood stove had 
a positive influence on respondents’ utility and so did the subjective norm variable, according to which 
households whose choice to install a new wood stove was praised by their social and family network. 
Conversely, the time and effort needed to operate the system had a negative influence on households’ 
satisfaction from using a wood stove. Knowing how to use the new wood stove did not play a role on 
respondents ‘decisions to stay with a bioenergy heating system which can probably be explained by 
the fact that most respondents were already familiar with the system. Similarly, the energy cost 
variable was not statistically significant which is probably due to the fact that installing a new improved 
model of the same system used entails lower energy bills due to higher efficiency. The subsidy had a 
negative influence on respondents’ satisfaction from using bioenergy for heating which suggests that 
some respondents would have not bought a new bioenergy system again if it had not been for the 
subsidy they received, therefore they did not value any benefits from using a wood stove.   
Tapaninen and Seppanen (2008) studied the level of households’ knowledge and personal attributes 
with regard to wood pellet heating systems in Finland. Having as theoretical framework the theory of 
diffusion of innovation, the authors conducted a survey on potential customers who visited an annual 
housing fair (Hameenlinna Housing Expo Finland) specialising in houses, building materials and 
technologies. Initially, the survey was pretested on twenty randomly selected adults. After processing 
the answers, the questionnaires were modified, and the final version was given to 157 visitors. The 
survey was directed to one adult member of each household. The questionnaires included 35 open 
and closed questions which were grouped under four themes, though only two are included in the 
published paper: theme (A) respondents’ background information and theme (B) respondents’ 
knowledge regarding heating systems in general and wood pellet systems in particular. Some of the 
questions regarding theme (A) were about the age, the gender, the intention of choosing a new 
heating system and the possibility of choosing a wood pellet system. Question in theme (B) included 
familiarity with various heating systems, familiarity with wood pellet systems, having information 
regarding places where one can buy a wood pellet systems and wood pellets, having sufficient 
knowledge about wood pellet systems. The respondents had to choose between: 1) yes definitely; 2) 
yes; 3) perhaps and 4) no. Two thirds of the sample were men and the majority of the respondents 
were between 25 and 34 years old.  
The results showed that respondents had relatively high familiarity with heating systems and with 
wood pellet system in particular. The respondents’ knowledge varied vis-à-vis the market i.e. places 
where they could buy wood pellet systems and wood pellets. Gender had a significant correlation with 
the familiarity of the wood pellet system and with the knowledge regarding places to buy a wood 
pellet system and wood pellets. Age was also a significant variable to explain the intention of selecting 
a new heating system. This contradicts Roger’s finding that there was no difference between the age 
of early adopters and that of late adopters (Rogers, 1995, p.268-274). The study is limited by the fact 
that the sample was small and most likely homogenous since all the respondents were visitors to the 
same exhibition, had the chance to talk to the same experts before filling out the questionnaire. The 
overall conclusion of the study was that the incumbent heating system influences the knowledge of 
potential adopters of the various residential heating options and that personal characteristics and 
knowledge are correlating with consumers’ demand for wood pellet systems.  
Mahapatra, and Gustavsson (2008) carried out a statistical analysis of the influence e of government 
subsidy and various socioeconomic factors on people’s decision to switch from an oil boiler or a 
resistance heater to an innovative heating system such as heat pumps, district heating and pellet 
boilers. This study builds on the theory of diffusion of a technology (see section 5.2) and the authors 
analyse the rate of adoption of these innovative heating systems through surveys. They conducted 
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two surveys, the first in 2004 and the second in 2007, each of them covered 1500 homeowners. The 
questionnaires consisted of the following sections: A) level of satisfaction with current heating system; 
B) information about retailers in the area, monetary savings etc.; C) importance of cost, quality, 
environmental impact when buying a new heating system; D) rate each heating option based on the 
factors in section C, E) energy and the environment related questions and F) socioeconomic variables. 
The sampling was random and the homeowners were chosen by using the Nomenclature of Territorial 
Units for Statistics regions in Sweden. The authors argued that potential adopters, switching from an 
existing system to an innovative new one, follow Rogers’ (2003) stages of decision- making process 
according to which consumers will plan to install a new heating system when they need to replace 
their existing one either, either due to failure or dissatisfaction with its performance.  
The two surveys showed the following results:  
1. dissatisfied homeowners were more likely to change their existing heating system (60% of 
them in the second survey).  
2.  the government subsidy was not regarded as a sufficient incentive to install a new system for 
the 50% of the respondents while it was considered important by one-third.  
3.  socioeconomic factors like age and income have an opposite trend i.e. the older a 
homeowner the less likely he is to switch to something new while the higher the income the 
more likely it is to adopt an innovative system. 
4.  potential adopters seek information on the media but they are more likely to be convinced 
by their entourage and their actual experience and opinion.  
5.  potential adopters finally will choose a specific system by comparing the options regarding 
their techno-economic characteristics (in this study are known as “system related factors”) 
such as: total cost (capital and running), comfort, environmental impact, market value the 
importance of which is different for different individuals.  
6.  80% of the respondents in the first survey and 85% in the second were not considering 
installing a new heating system though homeowners with innovative heating systems were 
more satisfied than those with conventional ones.  
7.  the most important factors in people’s choice were the investment and running cost and the 
functional reliability, the running cost being more important than the investment cost 
(similarly to Kasanen and Lakshmanan, 1989) while work related to running the heating 
system was regarded as not important as well as environmental performance and greenhouse 
gas emissions mitigation were at the bottom of the priority list.  
8.  in terms of preference for a specific system heat pumps were the most preferred option 
followed by district heating and pellet systems.   
Scarpa and Willis (2010) conducted a survey to study households’ willingness to pay for 
microgeneration technologies in the United Kingdom. Technologies included: photovoltaic; micro- 
wind; solar thermal; ground-source heat pumps; air-source heat pumps; biomass boilers; micro-
combined heat and power; micro-hydro and fuel cells. The survey was conducted through 
questionnaires following the stated preference approach. The survey included two choice 
experiments with two hypothetical situations: the first was set to investigate respondents’ willingness 
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to install a microgeneration technology when their current system had to be replaced and the second 
was set to investigate the willingness to supplement with a renewable microgeneration technology 
their current system, while still functioning. The choice experiments consisted of various 
characteristics of the technologies in question and respondents had to choose an alternative based 
on these characteristics. The choice for each participant in the survey was modelled as a function of 
the attributes of each technology using the Random Utility Theory (which assumes that consumers 
choose a particular technology subject to the utility they derive from the characteristics of the chosen 
technology and a random element which represents the fact that consumers might have not been 
provided all the relevant information to make their choice). Respondents had to make their choice 
based on six characteristics: capital cost of the new system; energy bill; maintenance cost; 
inconvenience caused by the installation, recommendation (by friends, engineer etc.); contract length.   
The capital cost, the running cost and the maintenance cost of a new renewable system were 
negatively correlated with the willingness to pay. As these three factors increased the willingness to 
pay in order to replace the old conventional system with one of the renewable alternatives decreased 
and so did the utility. The contract length (describing the difficulty of changing energy supplier) and 
the inconvenience (garden digging, fuel storage etc.) also had a negative relationship with the 
willingness to pay with garden digging having the highest score with regard to discouraging 
respondents from choosing one of the presented alternatives. Recommendations from friends or a 
heating engineer increased the probability of willing to replace the old heating system. Consumers’ 
willingness to pay for heating systems with high capital costs is low unless these systems were efficient 
enough to reduce energy bills significantly so that the return would be as early as 3-5 years, much 
earlier than the end of the lifetime of the heating system. These results agree with the low uptake of 
renewable heating technologies that was documented in the UK until 2009 where there were not 
sufficiently enough supportive policies in place (Element Energy, 2008). 
Claudy et al. (2011) studied the diffusion of microgeneration technologies by conducting a survey of 
Irish home owners’ willingness to pay for four technologies: micro-wind turbines, wood pellet boilers, 
solar panels and solar water heaters (heat pumps and micro combined heat and power were not 
included in the survey because a preliminary study showed that the Irish population is not that much 
aware of these two technologies, though heat pumps scored much better) (Claudy et al., 2010). The 
part of the population that was surveyed was targeted to be consisted exclusively of: homeowners, 
aware of one technology (each respondent was asked about one out of the four technologies only) 
and who were the decision makers in terms of making a purchase. The sample included 1012 
respondents and it was “allocated” across the four technologies. The respondents were asked how 
much they agreed or disagreed regarding various characteristics of each technology such as: 
environmental benefits, compatibility with their lifestyle, trainability, financial risk (in terms of 
returns), knowledge vis-à-vis the technology, independence from conventional forms of energy, 
complexity, subjective norm (e.g. the capital cost of the technology) and the social risk (the effect of 
age and income on the willingness to pay for a renewable technology). The authors also controlled for 
the type of the dwelling and the energy efficiency level. The data were collected through phone 
interviews and the questionnaires were structured following the contingent valuation approach (and 
not the revealed preference method) due to the fact that only a small number of people had installed 
one of the four microgeneration technologies in question.  
The analysis of the respondents’ answers showed that respondents’ willingness to pay was lower than 
the actual prices of the microgeneration technologies in the market, with the exception of the solar 
water heaters for which the stated preference of willingness to pay was closer to the market price. 
Homeowners who believe that installing a microgeneration technology will increase their 
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independence from fossil and energy suppliers have higher willingness to pay. Similarly, respondents 
who believe that a microgeneration technology will not result in their changing their everyday routine 
appear to have higher willingness to pay. Conversely, the perception of social risk has a negative 
impact on the respondents’ willingness to pay. Homeowners who believe that installing a 
microgeneration technology will disturb their neighbours are reluctant to buy such a system while 
those who experience positive attitudes from other nearby residents are willing to install one of the 
four systems in question. Uncertainty vis-a-vis the performance of the new system has also a negative 
impact on homeowners’ willingness to pay for solar water heaters and wood pellet boilers but not for 
solar panels and wind turbines. The link between the level of education and the willingness to pay is 
not that clear since both medium and highly educated homeowners prefer solar panels which might 
indicate that income does not have an important role in consumers’ willingness to pay for solar 
systems.  
Sopha et al. (2011) studied the diffusion of wood pellet heating systems in Norway by looking at the 
differences of adopters and non-adopters vis-à-vis their sociodemographic and decision-making 
factors, incumbent heating system and reasons for changing. The study also explored the reasons that 
encouraged adopters to install a wood pellet system, one of which is the subsidy on the capital cost 
of the heating system, as well as the reasons that acted as barriers for the wood pellet up take in the 
residential heating sector market. The authors conducted a survey of 960 homeowners in Norway, out 
of 3000 (1500 adopters and 1500 non-adopters) who had originally been sent the questionnaires. The 
questionnaires consisted of four parts: socio-demographic factors (age, income, education and 
location), habits of communication vis-à-vis choosing a heating system, the decision-making process 
followed by households (this part included specific questions for adopters and non-adopters and 
environmental values. The question for the adopters group was about the motivating factors towards 
adopting a wood pellet system and for the non-adopters group was about the barriers that 
discouraged from doing so.  
The study revealed differences, with regard to the role of sociodemographic factors, between the two 
groups, which contradict diffusion theory. Specifically, the average income and education level of the 
non-adopters were higher than those of the adopters. The lower income level of the adopters could 
be explained by two facts: the first is related to the capital v. the running cost of the system which 
means that while a wood pellet represents a significant investment for households, it becomes a bit 
more affordable with the capital subsidy (that was established by the Government at 20% of the 
capital cost) and it has lower energy bills that can appeal to lower income households. The second is 
related to the fact that most high income families live in urban areas where the likelihood of switching 
to a wood pellet system is low due to lack of proximity and easy access to suppliers. Regarding the 
location of the adopters, the results showed high concentration in eastern Norway where the 
proximity to wood pellet suppliers is easy.  
Regarding environmental concerns there were no difference between the two groups, though 
adopters regarded wood pellet as the most environmentally friendly system while for non-adopters it 
was heat pumps. Non-adopters’ perception of wood pellet systems contributing to the improvement 
of local and global environment the least might, have contributed to their decision making for not 
choosing it for their homes. Other differences and similarities between the two groups were: the 
amount of research for information regarding wood pellet systems (adopters sought for more 
information than non-adopters, the same sources had different level of influence e.g. adopters took 
into account the vendors recommendation while non-adopters were mainly influenced by friends and 
family); adopters had more recommendation regarding installing wood pellet heating and they valued 
recommendation more than non-adopters in their decision making process;  both groups agreed that 
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the most important attribute of a heating system is its reliability in terms of functioning; adopters 
ranked heat pumps as the second best alternative to adopt while for non-adopters heat pumps were 
the first choice; non adopters were influenced by their family and friends more heavily than adopters 
who took the opinion from professionals on board more than that of their social network.  
Results regarding the role of previous practices and habits with regard to households’ choice for 
heating systems agreed with the innovation diffusion theory. Practices that consumers have been 
following prior to choosing a new heating system affect their choice (Rogers, 2003). This means that 
if households who have been using a wood pellet system and were dissatisfied with, they will be more 
likely to switch towards a different one, or if the previous system performed well and they were 
familiar with it they could decide to buy the same. Sopha et al. (2011) found that adopters have been 
using wood pellet systems while non-adopters preferred to switch to heat pumps. Between previous 
and new adopters of wood pellet systems there were no significant differences with respect to income 
and education while those who preferred heat pumps in the non-adopters group were from low and 
high income households. The study revealed that 45% of the adopters considered low running costs 
and environmental benefits as motivations towards adopting a wood pellet system while 47% of non-
adopters considered the high capital cost associated with the wood pellet investment as the major 
barrier followed by the inconvenience of retrofitting it in a dwelling, lack of information and fuel 
security stated by 36%, 33% and 30% of the non-adopters respectively.  
The subsidy, 20% of the installation cost, did not influence significantly potential consumers given the 
fact that out of 3671 households who were given a capital grant only 1215 did use it towards buying 
a wood pellet system. This can be explained by the fact that despite the capital cost subsidy, 
consumers can still be reluctant to undertake a serious investment in an emerging technology due to 
technical and economic uncertainties associated with it, such as reliability in terms of function and 
performance, high maintenance costs and energy price volatility as well as the price of fuels that other 
systems work with. The average capital subsidy required by the non-adopters in order to choose a 
wood pellet system was 64% of the total installation cost, three times higher than the subsidy provided 
by the Government when the study was made, while only 6% expressed willingness to pay for wood 
pellet system under the current subsidy of 20%.  
Michelsen and Madlener (2013) studied the factors that influenced homeowners’ choice for 
renewable heating systems in Germany. They looked at four technologies: oil - or gas-fired condensing 
boilers with solar thermal support; heat pumps; and wood pellet-fired boilers. They took a revealed 
preferences approach to understand the motivations behind the adoption of renewable heating 
technologies.  They conducted a survey for homeowners of newly built homes who own one of the 
four renewable systems in question and who have received a capital grant from the Government. 
Initially questionnaires were sent to 5000 homeowners but due to incomplete or empty 
questionnaires in terms of replies, or due to cases in which homeowners did not live in the homes 
with one of the four renewable systems installed, the final sample consisted of 2440 observations. 
Michelsen and Madlener (2013) applied principal component analysis (PCA) and cluster analysis (CA), 
two approaches that are used widely to analyse survey data. With PCA they converted data 
observations of correlated variables into values of uncorrelated variables called principal components. 
This procedure reduces the dimensionality of data while maintaining the level of variation. Six 
components were identified with the PCA as segmentation variables: costs aspects (maintenance, 
investment and running costs); general attitude toward renewable heating systems (e.g. easy to use, 
advantages v. disadvantages, time it takes to get familiar with the system); Government Grant (e.g. if 
the grant facilitated the decision to install a renewable heating system, if the grant made the 
investment more affordable); reaction to extremal threats (e.g. security of fuel supply and reduction 
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of the energy price volatility risk); comfort considerations (e.g. if the system is of low maintenance 
and easy to acquire fuel for) and influence of peers (e.g. the adoption of a renewable heating system 
was looked positively by friends and family, knowing people using one of the four renewable systems).    
The authors wanted to assess the importance of these six motivational factors for renewable 
technology adoption. With the cluster analysis they grouped all observations into three groups: 
adopters of renewable heating systems driven by the convenience related to each of the options; 
adopters driven by the consequences associated with the renewable systems i.e. short-term 
consequences such as financial benefits and long-term consequences such as energy prices, fuel 
supply and security and environmental protection, and adopters who make their choice by comparing 
all competing technologies. The analysis of the survey data showed that cost aspects are considered 
important for adopters of wood pellet-fired boilers and less important for gas boilers. Owners of newly 
built homes and of high energy efficient homes do not consider cost aspects important, probably due 
to the fact that energy consumption is lower in energy efficient dwellings and thus energy bills are 
also lower, while owners of big houses are concerned by the cost aspects associated to each heating 
system.  
The overall attitudes towards renewable heating systems do not differ across adopters. The capital 
grant, which covers a small part of the overall investment cost of the heating system in new dwellings 
but a larger part for existing homes, seems to be more important for adopters of wood pellet (these 
systems have significantly high investment costs) and oil systems (they are usually adopted by low 
income families) and less important for adopters of heat pumps and gas boilers. Fuel security is 
important to adopters of renewable heating systems and to those of gas and oil boilers. Comfort 
considerations are important motivations for adopters of gas boilers and heat pumps. Owners of 
newly built homes and of homes which have been retrofitted with energy efficiency measures, are 
driven by comfort related issues probably due to the general high comfort standards that new modern 
and retrofit buildings can provide and thus they expect to have the same level of comfort from their 
heating system as well. Influence of peers does not vary amongst different groups of adopters. Results 
regarding the different clusters of adopters showed that homeowners that are driven by the 
convenience factor are not likely to install a heat pump or a wood pellet system because they consider 
them high maintenance systems. The sociodemographic characteristics of convenience-oriented 
adopters are female and higher education level (university degree). Adopters in the consequences 
cluster are more prone to choose a wood pellet boiler, have a university degree and high income. 
Adopters in the third cluster who are heavily involved in the decision between all the competing 
heating options tend to choose heat pumps and wood pellet systems, to seek for advice from energy 
consultants and to be on the lower end in terms of income. 
Yun and Lee (2015) tried to explain renewable energy systems adoption by household using a socio-
technological approach. They argue that social influence could be more important in creating demand 
for renewable energy technologies than the technological advances themselves. Based on the theory 
of planned behaviour (TPB)11 as described by Ajzen (1985), they conducted a survey with 
questionnaires sent to selected respondents (selection criteria included minimum age, experience 
with a renewable energy system, level of education, income and region). A statistical analysis of the 
results showed social trust and social support have a direct impact on people’s attitude and that there 
is a positive relationship between them and the adoption of renewable energy equipment. From a 
 
11 Theory of planned behaviour is “social cognitive research framework frequently used to understand 
individuals’ pro-environmental behaviour assuming that behavioural, normative and control beliefs influence 
human action”, Yun and Lee, 2015. 
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technical perspective, the study concluded that available technical support and perceived quality have 
also a positive correlation with readiness to adopt a renewable system.  
Decker and Menrad (2015) conducted a study to analyse homeowners’ behaviour in Germany when 
buying a heating system and the factors affecting their choice. Four technologies were included in this 
study: gas heating; oil heating; wood pellet heating and heat pumps representing four different types 
of fuels. The main reason for choosing these four systems was the fact that they represent 90% of all 
heating systems used in Germany. For this purpose, the authors developed a theoretical framework 
which consists of three factors that can influence consumers’ choice for heating systems: 
characteristics of the consumer (e.g. ecological awareness and values, experience before and after 
using the product, source of information, purchase risk, sociodemographic characteristics of the 
household), kind of the product (characteristics of the house, technical characteristics of the 
technology and consumers’ evaluation of the running cost and the quality of the fuel, gas, electricity, 
oil and biomass, used by each of the four technologies in question) and situational conditions (time 
pressure and influence by peers). Ecological values can be measured by the willingness to pay for a 
technology that implies less stress on natural resources and has lower carbon dioxide emissions. 
Experience from using a product is based on knowledge either from own use or from external 
information. In the case of innovative technologies such as heat pumps and wood pellets, households 
do not usually have personal experience instead they base their knowledge on information from 
companies that sell the specific technologies or advisers. The purchase risk is associated with the high 
investment costs of a new heating system and the future fuel prices. In order for consumers to reduce 
these two risk components they need to have as much accurate and unbiased information to make 
the right choice given the fact that they will have to stick to their choice for 20 years which is the usual 
lifetime of a heating system (Hartmann et al., 2007). Age, gender, income, education level and family 
status were included in the sociodemographic characteristics. These factors were selected following 
literature review and communication with experts (engineers, architects, installers).  
Decker and Menrad (2015) used a partial model to analyse survey data which were collected through 
questionnaires that included questions describing the three influencing factors. The kind of project 
factor included the size of the house, the insulating level and the size of the heating system as well 
consumers’ evaluation of gas, oil, electricity and wood pellets (biomass) in terms of running costs, 
technical requirements, investment costs and environmental impact. Situational conditions 
mentioned include time pressure and the influence of the social entourage. Consumers can be pressed 
for time when deciding to buy a new product but here it is not an issue given the fact that the decision 
making process for a new heating systems is usually lengthy unless the system has to be replaced 
immediately due to its breaking down and the household does not have enough time to investigate 
and do market research to evaluate the options in order to make the best informed choice. The 
influence from friends, family and specialists is quite important especially when consumers do not 
have personal experience with a particular heating system and they rely on the opinion and knowledge 
of those who have used it or of experts.  
Based on these factors, the authors collected their data through questionnaires which they sent to 
4500 homeowners and they received back 1176 questionnaires. The data were analysed with various 
multivariate methods (e.g. cluster analysis). The analysis of the data showed that households have the 
tendency to install the same heating system when their current one needs replacing. 
Sociodemographic factors such as age, gender, education and income level of homeowners did not 
influence homeowners’ choice. Heat pumps tend to be chosen by households who appreciate comfort 
and convenience and who live in bigger newly built houses, with better insulation. If neighbours use a 
gas boiler or a heat pump that affects positively the choice towards the former or the latter 
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respectively. Economic aspects such as investment and running cost seem to have a significant role 
for those choosing oil heating systems and less so for those who prefer wood pellet systems. For 
Germany, this can be explained by the fact that the investment cost of wood pellet systems have been 
going down recently (C.A.R.M.E.N. e.V., 2014) and also homeowners who prefer wood pellet systems 
are more influenced by the environmental factor associated with them and less so by the economics 
of them. Wood pellet systems were largely chosen by respondents with strong ecological 
consciousness and values. Gas boilers were mainly favoured by those who rank the quality of the fuel 
highly important.  
Jacksohn et al. (2019) conducted a study to determine the factors that influence households’ choice 
for renewable heating systems in Germany. The authors used data provided by the German Socio-
Economic Panel (SOEP) between 2008 and 2015 on households’ investment decisions. The data 
showed if a household had installed a solar system, a photovoltaic or a solar thermal, or a combination 
of both or if they have not invested at all. This information constituted the dependent variable in the 
discrete choice econometric model they used to analyse their data. The explanatory variables in the 
model included sociodemographic characteristics, housing characteristics, environmental concern, 
and personality traits as well as economic factors i.e. the expected investment costs of the solar 
system and revenues from the investment. The authors included only homeowners in their sample as 
these are more likely to undertake an investment in a renewable system since there are no restrictions 
from landlords and they will be the ones benefiting from the returns. Sociodemographic 
characteristics included household level annual net equivalent income, number of adults, and number 
of children, at the individual level gender, age, and education of the household head. Housing 
characteristics were described by rural v. urban areas and houses v. flats. Environmental concern. 
Personality traits are captured in the SOEP data base with the “Big 5” taxonomy which describes 
personality with five dimensions: openness; conscientiousness; extraversion; agree-ableness and 
neuroticism (see Costa and McCrae, 1992; McCrae and Costa, 2008). The study revealed that economic 
factors had the largest influence on households’ investment in renewable heating systems of all other 
explanatory variables. Specifically, the capital investment had much more significant effect than the 
revenues on households’ decision to invest in photovoltaics or solar thermal systems or in neither of 
them. 
The review of this literature strand showed that the factors which increased the probability of 
adopting an innovative heating technology are mainly the costs associated with the installation and 
less so with energy prices (operational costs) especially in the UK and not so much in Germany or 
Scandinavia, environmental awareness was ranked important in the Netherlands, Norway and 
Germany while age was considered important in Finland but not in Germany. Technological 
performance and peer pressure were also rated important for the demand of renewable technologies 
in Norway and in Germany. A capital cost subsidy did contribute towards adopting in the Netherlands 
(the only study that considered this factor). 
For heat pumps one study showed that capital grants did encourage households to adopt them, one 
study showed it did not have a great impact while the third study showed that heat pumps are chosen 
by households who appreciate comfort and live in big newly built houses. 
5.3.2 Econometric modelling studies 
The studies in this section analyse survey data in order to assess demand for innovative heating 
technologies. The difference between these studies and the studies reviewed in the previous section, 
is that here authors implement discrete choice models which allow them to estimate the choice 
consumers make vis-à-vis adopting or not a specific heating technology or choosing between two or 
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more heating alternatives. The authors use econometric techniques like logit and probit models, 
nested and multinomial logit models to evaluate the factors that influenced consumers’ choice for 
heating systems.  
Dubbin (1986) studied consumer choice for water heat fuel depending on the choice for space heat 
system in the Pacific Northwest region in the U.S. He analysed data from the Pacific Northwest survey 
of 912 homeowners who live in single-family dwellings and made water and space heating choices at 
the time of the construction of their dwelling, excluding any retrofit and replacements that might have 
taken place afterwards. Households had to choose amongst six space heating systems (electric, gas or 
oil forced air units and electric wall unit, gas hydronic system and oil hydronic system) and tree water 
heat fuels (electricity, gas and oil). The author applied a nested logit model assuming that households 
aim to maximise their utility, when choosing a water and space heating system, which is expressed as 
a function of the capital and the running cost of each heating alternative. The capital cost for each 
option is assumed at the time of the house construction. The running cost for each option depends on 
the size of each dwelling and its physical and thermal characteristics. Therefore, an engineering 
thermal load model was also applied to calculate the energy consumption based on the size of the 
dwelling, the weather conditions, the location of the dwelling, the thermal losses and gains, the 
amount of time the system needs to operate per day. The study showed that the choice for water heat 
fuel and space heat system should be treated together in the same model. The modelling results 
showed that the running and the capital costs of each alternative have a significant and negative effect 
on consumer choice and thus on the share of each heating system in the market. 
Kasanen and Lakshmanan (1989) used a combination of a discrete choice model, a spatial 
differentiation and the diffusion of innovation theory, in order to explain heating choices by Finnish 
households in terms of heating systems and fuels, assuming that households chose a heating system 
and then choose the fuel alternative (for instance if a household chooses a boiler there are more than 
one fuel alternatives e.g. gas, oil, electricity etc.). The authors analysed data from a census in Finland 
and sampled from a population consisting of homeowners of single-family houses. Their contribution 
is to take into account the spatial dimension (climatic factors, geographical region and the type of 
fuels that can be supplied economically, the type of local resources) and the diffusion effect which 
assumes, in contrast to the discrete theory, that consumers choices are influenced by the choices 
made by their social network. A nested logit model was applied in order to separate the choice for 
fuel from the choice for and heating system. In the model, the heating systems were in the higher nest 
and fuels in the lower. With this structure, the unobserved similar characteristics are related to the 
quality of the service provided by the heating system to consumers.  
The model tested the impact of the annualised investment cost of each heating system alternative, 
the annualised fuel cost of each fuel alternative, the annualised total cost of the alternative (the fuel 
cost and the investment cost), the work needed to use the system and the fuel, the total income of all 
residents in the dwelling, the income of the second oldest person in the dwelling, the age of the head 
of the household, the number of children, a diffusion variable (expressed as the initial share of the 
heating system in the total stock of eating systems), the distance of the dwelling from a city level 
centre, one urban dummy variable (if the location of the dwelling is an urban or a rural area), a regional 
dummy variable (six regions were considered). The spatial dimension in the model allows for 
controlling for differences associated with the supply side, such as the climate, the fuel availability and 
fuel prices, and for differences associated with the demand side such as behavioural aspects that 
differentiate consumer’s choice for heating systems and fuels. The introduction of the spatial variables 
therefore improved the model. 
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The study concluded that with regard to the techno economic characteristics of the heating system 
and the fuel alternatives, the fuel cost and the work related to each system were important factors to 
explain heating choices while the investment cost of each heating system was less important than the 
fuel cost. With regard to households’ characteristics the income and the age of the head of the 
household are significant variables. With regard to the spatial variables, the location of the dwelling 
i.e. urban v. rural affects implies different preferences vis-a-vis the work related to operate the heating 
system with urban households willing to dedicate less time and effort to operate the heating system 
than rural households. Additionally, the distance of a dwelling from city centres is also an important 
factor showing that households in rural areas would favour heating systems with lower costs. This 
variable is associated with the households income i.e. low-income households live far from a city 
centre.  
Institutional factors can also affect consumers’ choices. For instance, if a house is not connected to 
the gas grid it would mean that its residents would have to adopt a non-gas related option (wood 
pellets are popular in Scandinavia in these cases).  
Nesbakken (1998) looked at the relationship between consumer choice for heating technologies and 
their energy use, following the assumption tested by Dubin and McFadden (1984) that there is a link 
between the heating system a household chooses to install and the energy consumption which is 
associated with the price of the fuel that different heating technologies use (Dubin and McFadden 
1984; Nesbakken, 1993). Nesbakken (1998) used a discrete-continuous choice model to analyse 
survey data, to study the energy consumption in 556 Norwegian households in relation to four heating 
technology alternatives: electric heaters, electric heaters combined with oil stoves, electric heaters 
with wood stoves and electric heaters with oil stoves and wood stoves. Only houses that were built 
between 1971 and 1990 were included in the survey. Following the theory that households’ utility 
depends on the type of the heating system and the energy consumption, householders choose the 
heating system that maximises their utility. Utility is therefore a function of the heating choice 
characteristics (the total cost which is the sum of the capital and running costs), households’ budget 
constraints, their preferences, the dwellings characteristics (size, type and age) and the households’ 
characteristics (number of persons). The variable for the investment in each heating system took the 
value of the capital cost at the year of the purchase.  The model predicts the probability of each 
heating system being chosen by a household given the variables their utility depends on.  
The results indicated that there is a negative correlation between running and capital costs of heating 
technologies and the probability their being chosen by a household. Low income households seem to 
use electric heaters only which can be related to the fact that they live in relatively small flats with low 
energy consumption. With regard to dwelling type, households living in detached and rural houses 
tend to choose the system that combines electricity and wood stoves while in cooperative flats or 
rental properties, where energy consumption is lower, households prefer to use electric systems and 
not systems than combine electricity with other fuels. Energy consumption is positively correlated 
with the heating degree days and the size of the dwelling and consequently with the households’ 
income, since income is correlated with dwelling size. Results regarding the energy price elasticity can 
be useful for the long term since households do not respond to energy price changes immediately i.e. 
they would not switch to a low running cost system if their current one has just been installed, instead 
they might consider changing towards the end of the system’s lifetime.   
Vaage (2000) applied a multinomial logit model to study the choice for heating technologies and 
energy use made be households. Households can choose amongst four different heating systems: 
electricity-based systems, electricity in combination with solid fuels systems, electricity in combination 
with liquid fuels systems, and a system based on a combination of all three fuels. In the model the 
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discrete choice made by consumers follows the utility maximisation problem as expressed by 
Hanemann (1984). The model included variables on house characteristics (age, type, number of floors, 
number of rooms, ownership etc.), specific attributes for heating technologies (energy prices), 
households characteristics (income, age, education). Results from the discrete choice model showed 
that the type and the age of the dwelling have a significant impact on the heating system choice; for 
instance, electricity-based systems are installed more often in new buildings post 1975 which might 
be related to the oil crisis in 1973. Energy prices are negatively correlated with the probability of 
choosing the respective heating system and high-income households favour electricity-based 
alternatives.   
Bartels et al. (2003) studied the demand for water heaters using an econometric analysis of survey 
data. The authors conducted a choice experiment to analyse consumers’ stated preference for water 
heaters based on products, consumer and plumber characteristics as well as information and advice 
provided by plumbers. Product characteristics included: type (gas or electric); capacity of water; length 
of warranty; capital and running costs. Consumer attributes included: income; financing possibilities 
(subsidies of 20% of the capital cost, loans with different rates etc.); location (the suburb where a 
consumer lives serves as an indication of social class). Plumber characteristics included: difficulty of 
installation and availability of the product; plumbers’ green certification; plumbers’ rating of different 
water heating option regarding the households’ needs; and plumbers’ own preference. The survey 
also included one question about the relationship between consumers and plumbers i.e. if they know 
each other or not.  
The results showed that consumers consider the water capacity of the system, the length of the 
warranty and the capital and running costs as significant attributes that affect their choice. While the 
model did not show significant heterogeneity amongst consumers regarding the effect of the capital 
cost on their choice for water heater systems, it revealed that consumers are more sensitive to energy 
price changes and thus the running cost variable is associated with higher heterogeneity in the sample 
of the respondents. The effect of the subsidy was found positive but not significant. Green certificates 
influenced consumers more significantly than plumbers’ own preference and recommendations and 
knowing a plumber or not did not affect consumers choice when evaluating information provided by 
them. Finally, consumers tend to choose the same system they have been using in the past showing 
that familiarity with a system is an important factor for consumer choice.  
Mills and Schleich (2009) conducted a survey of 27,100 households in Germany and used an 
econometric probit model to analyse the responses in order to study the factors that influence the 
adoption of solar thermal water space heating technologies. The model included sociodemographic 
characteristics of the household, dwelling characteristics (age, current way of heating that indicates 
for instance how likely it is to adopt a solar space heating system depending on the existence or not 
of central heating, separate warm water heaters that are not compatible with solar systems),  
geographical suitability (heating degree days), space and water heat consumption. Results showed 
that location as an indication of solar radiation levels has a positive correlation with the adoption of 
solar water heating systems. The more recent the property the more likely it is for the inhabitants to 
install solar water heating systems, but the likelihood decreases if the property is rented. Bigger 
property and bigger family size increase the tendency to install solar water and space heating systems 
but decreases in the case of floor specific heating than central heating. The age of the main bread 
earner is negatively correlated with solar water heating while it is positively correlated with higher 
education level. The study concluded that solar water and space heating systems are not cost effective 
without high levels of capital subsidies. 
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Sopha et al. (2010), whose work is also referred to in section 5.3.1, conducted a study of household 
heating choices in Norway using a multinomial logistic regression model to analyse survey data. The 
survey took place through questionnaires which were firstly sent to 1500 randomly selected 
households which constituted the population sample and secondly an additional 1500 questionnaires 
were sent exclusively to households with wood pellet heating. The systems in question were wood 
pellet stoves, heat pumps and electric heating. The response rate was 10.3% for the population sample 
and 34.6% for the second sample. The three different heating alternatives represented the dependent 
variable in the model. As independent variables the model included: socio-demographic factors for 
households (age, income, education level, region); communication between the respondents and a 
number of their peers who recommended them to adopt a particular system (the number of peers 
ranges between 0, which indicates lack of communication and 20, indicating that respondents 
discussed the possibility of adopting one of the three systems with 20 people in their environment); 
perceived importance that a household has regarding a system’s attributes (reliability, indoor air 
quality, operational costs, investment costs, effort needed to operate the system, fuel supply 
security); decision strategy (e.g. install the same system, install the most popular system amongst 
friends, choose the system that maximises utility, choose between the current one and the one most 
friends/neighbours use).  
Results from the population sample showed that the population sample prefers heat pumps while the 
second sample expressed the intention to continue using the wood pellet system and as a second 
choice to switch to a heat pump. The population sample is mainly consisted of high-income high 
education level respondents while the second sample of wood pellet owners is characterised by 
medium income and medium level of education. Age affected both samples’ choice similarly. Age and 
region had a significant impact on those who chose the wood pellet system while operation costs, 
income and education level were marginally significant. Age, income and effort to operate/maintain 
the system were significant factors for electric heating while region and indoor quality were on the 
margin.  
The socioeconomic factors did not have a significant impact for choosing heat pumps but factors from 
the other three categories did. Electric heating seems to be more popular in the western part of 
Norway where there is high concentration of households with the highest income while wood pellet 
systems are more favoured in the northern part of the country. Decision strategy was an important 
factor in heating system choice and the results showed that households who prefer electric heating, 
adopt repetitive attitude and choose the same system when they are satisfied with it. Conversely, 
households who are more likely to adopt a heat pump perform a social comparison as a decision 
strategy. This can be associated with the fact that for heat pumps which is an emerging technology 
and there is significant uncertainty associated with their  performance, potential adopters base their 
decision on the experience (positive or negative) of their peers as to whether they should install such 
a system or not. Households with high education levels are more likely to favour an innovative 
technology like heat pumps or wood pellet systems though the significance of the education variable 
was marginal. Only a very small percentage (8%) of the population sample chose wood pellet heating 
while the majority preferred heat pumps followed by electric heating. Results from the wood pellet 
sample showed that age and income had a significant impact on the choice for electric heating while 
region affected significantly, and similarly to the population sample, households who would choose 
heat pumps. As in the whole sample, wood pellet owners who would switch to heat pumps apply the 
social comparison decision making process while those who continue to prefer wood pellet systems 
apply the repetition strategy. Finally, operational and investment costs did not have a significant 
impact on consumer choice, the model showed that high income households prefer electric heating.  
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Braun (2010) applied a multinomial logit model to study the factors that influence household’s choice 
of heating system. Analysing data from a nationwide survey he studies two groups: one group 
consisting only of homeowners living in houses and one consisting of homeowners and renters living 
in flats. The model in this study is a utility model that describes the choice that households make when 
choosing amongst different heating alternatives based on the utility, they derive from each of them. 
The utility is a function of the characteristics of the property (age, region, type), the socioeconomic 
characteristics of the household (number of members, income and education of the main bread 
earner of the household). Installation and energy costs data were not available and thus these 
variables were not included in the model.  
Results for homeowners showed that the age and the type of the dwelling has a significant impact on 
households’ choice when it comes to choosing a new heating system. This is because some heating 
alternatives like boilers require more space, wood-fuelled systems also require storage space for wood 
and thus can be more suited for detached houses which are generally more spacious than apartments 
or oil heating systems were not common in the period before 1949 and thus properties of that age 
are not fit to accommodate oil based systems, limiting therefore households decision. High income 
families are prone to prefer gas to oil and solid fuel systems and households’ size affects gas and 
electricity systems negatively. Education level is positively correlated with gas options and negatively 
correlated with oil, solid fuel and electric systems which can be associated with the fact that gas 
systems are easy to use and less timely, a characteristic that is valued by high income and education 
households. The region variable also revealed differences in homeowners’ preferences for heating 
systems. Rural households favour oil and solid systems since the space/storage issue is not a problem, 
in comparison to urban dwellings and air pollution regulations are more relaxed than they are in big 
urban areas.  
Results from the second group, homeowners and renters living in flats showed a higher likelihood in 
choosing gas-based systems and electric heating. Similarly to the first group, income and education 
are positively correlated with the likelihood of choosing gas systems. Family size in this group did not 
have as big role as in the first group. In modern residential blocks of flats, the likelihood of gas and 
district heating systems is higher than it is for oil and solid based alternatives. The study concluded 
that the effect of households’ socioeconomic characteristics on heating system choice did not differ 
between the two groups while dwelling characteristics and region variables influenced heating system 
choice differently.  
 Woersdorfer and Kaus (2011) studied the differences between adopters and non-adopters of solar 
thermal systems in Germany (in the region of Hanover) and the factors that could encourage the latter 
to install this technology in their homes. Using as a theoretical framework Rogers’ diffusion of 
innovation theory (Rogers,1995), they tested if higher knowledge about solar thermal heating 
systems, strongly positive environmental attitude and high number of solar thermal heating systems 
in the consumer’s social environment, will increase the probability of solar systems being installed by 
homeowners. The authors collected data through a survey of almost 494 consumers, 139 of them own 
a solar thermal system, 80 do not own such systems but they have neighbours who do, 122 green 
energy customers and 153 passers-by. Woersdorfer and Wolfhard (2011) applied a probit model in 
which the dependent variable took the value 1 if the respondent owned a solar thermal system and 0 
if the respondent did not. The respondents had to indicate if they were planning to install a solar 
thermal system within the next two years or if they could be interested in the technology in the next 
five years. The independent variables in the study included: knowledge of the technology (referring to 
technology variables about hot water generation, combination of hot water, heating and cooling etc.), 
positive environmental attitude (referring to consumers’ interests in environmental issues such as 
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climate change, nuclear energy and radioactive waste), novelty attitude, having peers who own a solar 
thermal system (the variable takes the value 1 if the respondent has family or friends owning a solar 
thermal system and 0 if the respondents do not have anyone in their family and social environment 
owing such system). The authors also included sociodemographic variables such as age, income, 
gender and marital status.  
The results showed that out of the 494 respondents 168 owned a solar heating system and the main 
motivation behind choosing it, was strong ecological attitude for 87.5% of them. Financial aspects 
related to solar thermal systems were considered important motivations for late adopters. This could 
reflect the fact that early adopters considered solar systems as a long-term investment but 
subsequent increases in energy prices made potential adopters more aware of the operational costs 
associated with them. Adopters of solar systems are well informed about technological innovations in 
general and solar thermal systems in particular, have strong environmental values and have higher 
income than non-adopters (on average 40% higher). The authors also found a positive correlation 
between the age and the marital status of the respondents and the property value which is also 
positively corelated with the probability of installing a solar thermal system. Finally, the 30% of the 
respondents who do not own a solar system claimed that they could consider it as an option but it is 
not in their immediate plans.  
Sopha and Klockner (2011) studied the factors that influence adoption of wood pellet systems 
amongst Norwegian households as well as the factors that slow down wood pellet systems diffusion. 
They implemented an integrated model that combines psychological factors (intentions, attitudes, 
habits, personal and social norms), perceived wood pellet system characteristics, and ecological values 
to predict the installation of wood pellet systems. The authors conducted a survey on 737 households, 
542 of them had already installed a wood pellet system and 195 had not. Questions that respondents 
had to answer included: how much do personal or social norms influence consumers’ choice (i.e. do 
decision takers act according to their personal beliefs for doing the right thing or they are influenced 
more heavily by the social pressure from their peers?); how much does environmental awareness 
responsibility count when choosing a heating system; those who already own a wood pellet system 
were asked if they would install it again; how easy do households perceive is the use of a wood pellet 
system; how reliable do they think it is; does it provide good air quality; how affordable do households 
think a wood pellet system is regarding the capital and the operational cost; does it require a lot of 
maintenance; is there supply security in the market regarding wood pellets. The impact of those 
factors, that influence the choice for a heating system, in the integrated model were tested against 
empirical data using a path analysis, a multiple regression that tests the causal relationship between 
variables (for instance in this study the relationship between the intention to install a wood pellet 
system and the capital cost of the system).  
The results from the path analysis showed that attitudes (e.g. it would be good and valuable to have 
a wood pellet system installed) were the most important factor in households’ intention to install a 
wood pellet system followed by wood pellet perceived characteristics. All technology characteristics 
except for the effort needed to operate the system had a positive correlation with the intention to 
install a wood pallet system. Functional reliability was also an influential factor for choosing a wood 
pellet system while personal norms did not have a strong impact on households’ decision to install a 
wood pellet system. The results showed a good fit between the model and the empirical data but as 
to whether the model is fit for other technologies and other countries the authors believe it is, but the 
importance of the various factors might be different. 
Laureti and Secondi (2012) conducted a study to identify the factors that influence households’ choice 
of fuel and the factors that determine expenditure for space heating. As a second step, they tested a 
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simulation scenario to determine the impact of tax incentives on energy efficiency improvements in 
the existing housing stock undertaken by households. The authors used data from the Italian 
Household Budget Survey for 2009. They first applied a multinomial logit model to determine the 
factors that influence households’ choice for fuel taking into consideration the heterogeneity amongst 
households who choose polluting fuels (coal and oil) and those who choose less carbon intensive 
heating alternatives like solar energy or natural gas. The geographical aspect is also evaluated with 
regard to fuel choice to control for differences in the choice of fuel due to different geographic 
location. Variables that were tested: dwelling characteristics (size, number of rooms, heating system, 
type, type of property, being isolated or not to control for connection to the gas network, tenure 
status) and sociodemographic characteristics of households (age and education  of the head of the 
family, expenditure, number of family members).  
The authors used a multinomial logit model to describe the choice for heating type (fuel and heating 
system) based on the random utility a household derives from the specific choice made. The 
specification of the model takes into account that observable and unobservable characteristics of 
households might influence the choice for heating systems and energy consumption. For instance, 
households who prefer a very warm environment might choose a natural gas-based system while 
households with strong environmental values might favour a heat pump or a solar system.  
The results showed that income is a statistically significant variable in explaining choice of fuel. High 
income households are more likely to choose gas and less likely to choose coal or wood. Education 
also had a significant impact on fuel choice and according to the model, bread earners with high 
education level (university diploma and higher) are prone to choose gas-based systems while heads 
of households with secondary education are more likely to choose coal and electricity. A possible 
explanation for this is that high-income, high-education household heads value their free time and 
thus they choose systems which do not require much time and effort to operate them. Households in 
dwellings which are isolated are likely to choose coal or electricity since the connection to the gas 
network is not always feasible. The age of the dwelling is positively correlated with choosing natural 
gas as fuel.  
The region variable showed that households in the central parts and the south of Italy favour coal or 
electricity more than households living in the north. Regarding the socioeconomic characteristics, the 
income has a positive correlation with gas for households living in the North while it decreases the 
likelihood for choosing coal or wood in the same region. In the south an increase in the income 
decreases the probability of choosing electricity or solar panels. The size of the dwelling has a 
significant impact on the choice for fuel; an increase in the size of the property in the North East 
decreases the likelihood of households choosing natural gas while in the south it increases the 
likelihood for households to choose oil and decreases the likelihood for electricity, gas or solar panels. 
The model also showed that the older the dwelling the higher the natural gas consumption. The age 
and the education level of the head of the household was also positively correlated with natural gas 
consumption. The income was positively correlated with the consumption of all fuels. Finally, the tax 
breaks for households who undertake energy improvements resulted in choosing less carbon intensive 
fuels and heating systems.  
Michelsen and Madlener (2012) studied homeowners’ preferences for heating systems by applying a 
multinomial logit model to analyse survey data from Germany. The sample consisted of randomly 
selected homeowners of existing and newly built dwellings who had received a financial grant from 
the Government. The authors applied a discrete choice model to analyse revealed and stated 
preference data in order to capture the factors that increase the probability for a household to adopt 
a heating system as well as the factors that have influenced consumers’ choice. The technologies in 
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question here are the most frequently adopted systems in Germany: oil condensing boilers, gas 
condensing boilers, heat pumps and wood pellet boilers. The authors sent questionnaires to 5000 
homeowners who received grants to install one of the four renewable heating systems and the 
response rate was 59.7%. Responses from existing homes represented the highest share of the whole 
sample (57.4%). The dependent variable in the model was the type of the heating system installed (oil 
condensing boilers, gas condensing boilers, heat pumps and wood pellet boilers). The explanatory 
variables included: sociodemographic characteristics (income, age, university education; home 
characteristics (age, size, infrastructure, previous heating system, renovated or not, low energy 
standard or not, major retrofit needed for the installation of the new system); spatial characteristics 
(rural, urban, Easter Germany, South Germany); heating specific attributes (importance of the grant 
for the decision, consideration of the installation, maintenance, energy and total cost over lifetime, 
energy savings, environmental awareness, independence from fossil fuels, comfort and perceived 
image by peers). The model was applied for the whole sample and the two sub-samples of existing 
and newly built homes.  
Results from the whole sample showed that households of high income and high level of education 
prefer gas boiler or heat pumps. Age has a significant effect on oil systems only according to which 
consumers of higher age favour oil-based systems. Age, size and infrastructure of dwellings have a 
significant effect on homeowners’ choice and so does the location factor (East v. South Germany) 
which reflects different historical trends and energy networks infrastructure. Households in rural areas 
tend to install oil boilers while heat pumps are more popular in urban areas. The capital grant had a 
positive influence for wood pellet systems but negative for heat pumps. Regarding the different types 
of costs faced by consumers, maintenance and total costs have a significant positive influence for heat 
pumps only. Results from both sub-samples showed that: home infrastructure is important for both 
sub-samples as it can limit the retrofit possibilities; connection to the gas network also appears 
important for both sub-samples because it excludes gas boilers; socioeconomic characteristics of 
households are important for the adoption of wood pellet systems in both existing and new homes; 
the capital grant has an important influence on the adoption of wood pellet systems but it is less 
important for heat pumps and oil fired systems in both sub-samples and spatial characteristics affect 
consumers choice significantly in both cases. 
Bjornstad (2012) conducted a study to assess the impact of the Household Subsidy Programme on the 
adoption of air to air heat pumps, control systems for electric heaters and pellet stoves by Norwegian 
households. The success of the policy was assessed by measuring the level of satisfaction from 
investing in these three heating technologies. The level of the capital subsidy for heat pumps and 
wood pellet stoves was 20% of the investment cost and € 260 for the control systems. The purpose of 
the study was to explore the role of both a) economic and b) non-economic variables on consumers’ 
heating choice. Bjornstad (2012) conducted a survey on 210 households with pellet stoves and 896 
households with heat pumps to obtain responses regarding the level of satisfaction from investing and 
using these two systems. The responses were analysed with multivariate regression model which 
described the diffusion of innovation theory and the theory of planned behaviour. The dependent 
variable in the model was formulated by the responses to the following question: what is the level of 
satisfaction (from 1 to 5) from the investment in heat pumps and pellet stoves if the economic 
profitability of the investment is a function of the level of the investment, the subsidy received and 
the long term electricity savings.  
The explanatory variables for the main related to the diffusion of innovation theory included: 
experience from use and technical problems; economic variables (the return from the investment, the 
electricity price, easy access to wood pellets, perception of the wood pellets price). The explanatory 
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variables related to the theory of planned behaviour included: attitudes and motivations for making 
an investment in either system (e.g. reduction of the national electricity use, contribution to a better 
environment, comfort, recommendation from the social network); indoor environment and heat 
comfort; demographic variables (income, education, number of people living in the household); house 
characteristics (type and size in m2). The study concluded that electricity price was the only economic 
variable to have a significant positive relationship with the dependent variable (i.e. satisfaction with 
the investment) as for the non-economic variables technical quality, indoor climate, heat comfort and 
market availability were the most important independent variables.  
Alberini et al. (2013) studied the effect of policy incentives on undertaking energy efficiency upgrades 
in the residential sector. Specifically, they tested the role of tax credits for households who replace 
their heating system by applying a linear probability econometric model. They used data from the 
Italian Consumer Expenditure Survey spanning from 1997 to 2009, covering 23000 households each 
year but they focused on households who owned their home and lived in single-family houses or flats. 
The respondents were asked if they had replaced their heating system. In the model the explanatory 
variable included sociodemographic variables such as age, income and number of the members in 
each household, dwellings characteristics such as type, age and size, unemployment rates, heating 
and cooling degree days and energy prices, total cost of heating systems comprising  of the installation 
cost, the maintenance cost and operating cost. The tax credit policy is included in the model as dummy 
taking the value 1 for the period it was in effect i.e. 2007-2009 and 0 for all previous years between 
1997 and 2006. The results showed that the policy incentive resulted in a very small replacement rate 
and statistically insignificant and this can be explained by the fact it was in effect for only three years 
and households replace their heating system at the end of its lifetime. The tax credit policy may need 
to be in effect for a longer period in order to perform a more reliable evaluation.  
Lillemo et al. (2013) studied the effect of different motives on households’ choice of heating system, 
specifically of electric oven, firewood stove, pellet stove and air-to-air heat pump, using discrete 
choice models. They conducted a survey sampling from two different organisations: Enova (the 
Government agency that administers subsidies) and TNS Gallup’s web panel (Gallup is a national 
randomly selected sample, representing a cross-section of the Norwegian population). The reason for 
combining two samples was that the Gallup provides information on households who installed a pellet 
stove only while the Enova sample gives information about all the households who applied for a 
subsidy in order to install one of the four systems in question.  
The survey took place through questionnaires which included four sections. The first section was 
about the characteristics of the residence of the respondents regarding the age, the type, the size, the 
preferred living room temperature and the tenure type (owning or renting). The second section was 
about the current heating system of the respondents and if they had undertaken an investment in the 
past ten years. If an investment had taken place the questionnaires included additional questions 
about motives and subsidies received or not. The third section included questions about perception 
of heating systems, environmental values and personal qualities. In this section, respondents were 
asked to rank the four systems with respect to their attributes such as cost, environmental 
friendliness, air quality, and time and effort required. The fourth section included sociodemographic 
factors such as age, income, education and household size. The response rate was around 40% from 
both samples. The average age in both samples was 47 years old, more men than women answered 
the questionnaires, the average household income was between €74000 and 100000. The 
sociodemographic characteristics of the respondents in the two samples are different: in the Enova 
sample people are younger, have higher income and education, live in bigger and more recent houses 
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in which they moved earlier than those in the Gallup sample. In the combined sample (Enova and 
Gallup) 69% have a wood stove, 26% have a heat pump and only 5% have an oil system.  
Perceptions of heating system, especially of innovative technologies that consumers have not used 
before, can have a big influence on their choice. For instance, consumers think that wood stoves are 
very efficient, look good and they have reasonable operating costs, but they are work demanding in 
terms of operating them. Wood pellet systems are considered environmentally friendly but less so 
than heat pumps. Electric heaters score well in terms of indoor quality and investment costs but not 
in terms of appearance. Many households had undertaken investment in changing their heating 
equipment and some have even bought three out of the four systems in question. The main reason 
for investing in a heating system was to reduce costs followed by improving indoor air quality and 
replacing system that had broken down.  
The authors applied two discrete choice models to analyse the survey data. The first model was a 
binomial logit model designed to determine the reasons behind the decision to invest in new heating 
system or not and the second was a mixed logit model, designed to determine the reasons for 
choosing one system over another. Both models are based on the random utility theory. In the first 
model the dependent variable is a binary dummy variable taking the value 1 if the household has 
invested in new heating system and 0 if the household has not. The binomial model assumes that a 
household invests in a heating system if that increases its utility. The second model estimates the 
probability of a household choosing one of the four systems and it assumes that the household’s 
choice for a heating system maximises its utility.  
Results from the first model about the investment choice, showed that dwelling characteristics, 
income, education, environmental values and unwillingness to replace an old system do influence 
consumers about making an investment in a heating system. Specifically, consumers with strong 
environmental awareness and preference for higher indoor temperatures are more likely to invest in 
a new system while, those who do not like throwing away old equipment are not. Higher income 
households who live in bigger houses are more likely to replace their old heating system with a more 
efficient one while high education level has a negative effect in the decision to invest in a new system. 
The dwelling characteristics such as size and age have a positive and significant correlation with the 
decision to invest in a new system. Households who apply for subsidies are also more likely to 
undertake an investment.   
Results from the second model showed that reducing heating costs were more important to those 
investing in heat pumps than in any other system while the motive for increasing the house value was 
important to those investing in wood stoves than to those investing in heat pumps. The motive to 
replace the old system with one that looks better was more important to those investing in wood 
stoves and electric heaters, the motive to replace a broken system was important to those investing 
in electric heaters (maybe because they have multiple such systems and it is easy to replace one when 
it breaks down) and the motive for saving time and effort from operating a system is more important 
to those who invest in heat pumps or pellet stoves. Improved indoor air quality matters more for those 
who invest in heat pumps or electric heaters, while local air quality seems to matter for all consumers 
who want to replace an old heating system regardless what they replace it with. Climate change 
concerns are more important to those who invest in wood stoves and pellet stoves. Household income 
is positively correlated with investment in heat pumps otherwise it is not important. The type of 
property is also associated with the choice for specific systems. Those living in detached houses are 
more likely to invest in wood stoves or heat pumps. Pellet stoves are preferred in colder climates 
which is linked to the difficulty of heat pumps being efficient at very cold weather.  
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Rouvinen and Matero (2013) conducted a discrete choice experiment to study the role that different 
attributes of heating systems play on homeowners’ decision-making process and choice. The discrete 
choice experiment included six heating alternatives: wood pellet boilers; solid wood fired boilers, 
district heat, electric heaters, ground source heat pumps and oil boilers. The choice experiment model 
was based on the assumption that homeowners’ utility is derived from the characteristics of each 
heating alternative (Lancaster, 1966). The authors also included in their experiment homeowners’ 
heterogeneity, i.e. inherent differences between homeowners, which are not observed. Data were 
collected through a survey of randomly selected Finnish households. The questionnaires were sent to 
1008 homeowners of detached homes (between 100m2 and 170m2). The final sample included 525 
respondents. The questionnaires included questions on socio-demographic characteristics and 
questions about the incumbent heating system (if it had been replaced or if the homeowners intended 
to replace it in the future). For the choice experiment, the authors used eight hypothetical choice sets 
presenting all six systems their five attributes: investment cost, operating cost, CO2 emissions, fine 
particles emissions and required own work. The level for each attribute varied in each set which 
resulted in a total of 64 choice sets. Respondents had to make a heating system choice based on the 
different level of the same listed attributes in each set.  
The results from the choice experiment showed that the investment and the operating costs were 
significant factors for choosing a heating system. Lower income households are less likely to choose a 
heat pump when its investment cost increases, or a solid wood fired system when its running cost 
increases. Non-financial attributes such as age, own work required and CO2 emissions were also 
significant. Specifically, the probability of choosing a wood pellet decreases when the age of the 
homeowner increases. Homeowners are more likely to choose the same system when replacing their 
old one. CO2 emissions decrease the utility homeowners derive from each heating system and thus 
the probability of choosing it.  
The results from the choice experiment were used for a market simulation of the different heating 
technologies under different policy incentives (20% subsidy on the investment cost when switching 
from electric heaters or oil boilers to heat pumps, wood pellet systems or solid wood fired systems 
and 30% when switching from oil boilers or electric heaters to wood pellet systems). The simulation 
showed that ground source heat pumps and district heating dominated the market while the policies 
had also a positive effect on the wood pellet and solid wood fired systems market. While the heat 
pump market in Finland has been growing solidly (as it has also been shown by Mahapatra and 
Gustavsson, 2009, 2008, 2010), homeowners have higher preference for district heating when they 
are connected to district heat networks. 
Risch and Salmon (2014) studied consumer decisions about heating systems in combination with 
energy consumption in the residential sector in France. They collected data through a survey of 36955 
households and applied a multinomial probit model to study consumer preference for electric, gas or 
oil-based systems (as these three fuels are the three main options in the residential sector in France). 
The model included two stages: at the first stage, a discrete choice model describes the choice of 
heating system which is explained through a number of explanatory variables and at the second stage 
a continuous choice model describes the energy consumption which is related and restricted to/by 
the heating system choice (here only the first stage will be described as it is the relevant part to this 
thesis. The explanatory variables included: households’ sociodemographic characteristics (age, 
education, income); dwelling characteristics (age, type, ownership type, urban-rural location, and 
insulation); energy prices (electricity, gas, oil).  
The results showed that households in relatively new dwellings, built after 1975, equipped with double 
glazing prefer electric heating systems. These dwellings are overall small, situated in rural areas and 
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occupied by tenants rather than owners. Households in larger urban houses, built between 1949 and 
1975, who own their home seem to prefer natural gas systems while households in large rural houses 
and own their property, built prior to 1974, favour oil-based systems. The age of the main bread earner 
in the household has a positive correlation with electric heating and oil systems but it is not significant 
while it has a negative effect on gas systems also not significant. The effect of income and education 
on the households’ heating system choice is not strong. The effect of energy prices is not included at 
the first stage of the model (the discrete choice model for heating system) but it has significant 
negative effect on the energy consumption. Income is not included at the first stage of the model 
either and its elasticity regarding energy consumption is low, showing a weak response from 
households to income increase vis-à-vis energy consumption.  
Bauner and Crago (2015) implemented a dynamic stochastic model to assess the adoption rate of 
photovoltaic by households (i.e. switching from the electrical grid), in Massachusetts, under 
uncertainty associated with the investment cost of the equipment, electricity prices, energy savings 
from the PV system and the effectiveness of financial policy incentives (e.g. tax credits). Instead of 
using the net present value, the model uses the option value rule which takes into account uncertainty 
in net benefits as well as the benefits from waiting to invest in the new technology until the 
uncertainty gets reduced. The financial incentive is set in order to accelerate the adoption time. The 
study concluded that uncertainty does delay indeed PV adoption and under the option value rule 
investment would take place when net benefits exceed the installation costs by 60% (adoption under 
the option value rule is 6-21 years longer than it is under the net present value rule). Policies will 
decrease the delay, but they are found to be more effective under the net present value assumption.  
Michelsen and Madlener (2016) studied the key drivers and barriers to the adoption of renewable 
heating technologies in the residential sector in Germany arguing that the choice for a heating system 
can be explained not only by the neoclassical economic theory but also by behavioural economics and 
socio-economic characteristics. The drivers and the barriers regarding renewable heating systems 
were studied separately, in two stages. The authors conducted a survey of randomly selected home 
owners of single-family and duplex homes and who had received a grant from the Government as an 
incentive to switch from an old oil or gas boiler to a new condensing oil or gas system, heat pump or 
wood pellet fired boiler. Initially the questionnaires were sent to 5000 households out of which 2985 
returned them but only 2682 were included in the analysis because the rest came from homeowners 
of multi-family homes, from homeowners who had not installed one of the four renewable heating 
systems in question or they were not filled out fully.  
In order to study the drivers for the actual replacement of old oil and gas boilers with one of the four 
renewable technologies in question the final sample included 1419 observations representing homes 
whose owners had installed a condensing oil or gas boiler, a heat pump or a wood pellet fired system.  
Michelsen and Madlener (2016) used discrete choice analysis and they applied a logistic regression 
model in which the dependent variable is a binary variable taking the value 1 if the household has 
installed a renewable heating technology and 0 if they have not.  
At this stage the authors considered 17 independent variables which were grouped under three 
categories: socio-demographic aspects, attributes of the dwelling and motivational aspects associated 
with the adoption of a renewable heating system (e.g. cost related issues, capital grants, perceived 
usability and compatibility with habits, environmental values, independence from fossil fuels, 
influence from family and friends). At the second stage at which the non-adoption of one of the four 
renewable heating systems was studied, the authors considered 21 independent variables which were 
grouped under two categories of barriers: functional barriers including three sub-categories (usage 
barriers such as low effort and maintenance needed, value barriers such as cost issues and 
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environmental concerns and risk related barriers such as regulatory constraints, infrastructure 
constraints etc.) and psychological barriers related to habits and influence from peers.  
The study concluded that amongst the factors that act as drivers to the adoption of condensing oil and 
gas boilers, heat pumps and wood pellet systems the most important are the attributes of the heating 
system and less so the socio-demographic characteristics of the homeowners or the attributes of the 
dwelling. Environmental awareness and independence form fossil fuels play also an important role in 
the decision-making process. The study revealed that households are not fully informed about 
potential benefits they can derive from using a renewable heating system. Consumers are missing 
information relevant to the technical aspects of a renewable heating system and they lack in 
understanding of how these systems work and thus they are unable to evaluate short and long term 
gains from using them.  
The study also revealed barriers with regard to renewable heating technology adoption. The main 
barriers are cost and use related. Specifically, the fact that renewable heating systems appear to be 
more expensive discourages people from choosing them. Furthermore, when fossil fuel prices 
decrease, homeowners consider staying with a fossil fuel based system rather than switching to a 
renewable one. Labour intensive operation, difficult to use and high fault liability associated with 
renewable heating systems reduces the probability of their being adopted by households. Finally, 
respondents revealed their concerns for having to change their daily routine and habits were they to 
replace their old system with a renewable technology.  
The studies here gave more coherent results than those in the previous section. Specifically, the 
literature review of econometric studies revealed that capital and running costs are an important 
factor with negative correlation to the adoption of renewable heating systems almost across all the 
studies. Income was the second most found factor which was recognised as important in this strand, 
having a positive correlation with the adoption of innovative technologies. The third most important 
factor that influenced demand for heating systems was the capital subsidy which acted as a motivation 
for households to switch to a less carbon intensive option. The age of the head of the household did 
have an important role in some studies. Fewer authors tested the role of the type of dwelling and the 
conclusion was that households in big rural detached houses were more likely to install a wood pellet 
system or a heat pump. Finally, environmental values were also correlated positively with the demand 
for renewable heating systems, especially in Norway. The studies in this strand of the literature 
showed that capital and running costs have important influence on households’ choice for heating 
systems in Germany, while in section 5.3.2 financial aspects were not ranked high in terms of 
importance with respect to the demand for heating technologies. 
As heat pumps is the technology this thesis is focused on, it should be mentioned that the literature 
review of econometric studies showed that capital, the running costs and the capital subsidy have an 
important  influence on households’ choice for adopting heat pumps. Heat pumps are also preferred 
in big detached houses.   
5.3.3 Bottom-up techno-economic modelling studies 
Bottom-up techno-economic models focus on technological detail to find the least costly energy 
option that can meet final energy demand in households or industries. In the residential sector these 
models disaggregated the housing stock and their energy end- uses. While bottom-up models can give 
detailed insight on the energy needs and the buildings and physics characteristics of each dwelling of 
the housing stock, they cannot capture fully the impacts and the total social cost from climate and 
energy policies (that support the adoption of efficient renewable technologies) and technological 
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change on the whole economy (Jaccard and Dennis, 2006; Bohringer and Rutherford, 2008; Rivers and 
Jaccard, 2005; Jacobsen, 2019). The majority of bottom-up studies in the literature look at households’ 
energy consumption, while there are not many examples of studies that look at consumers’ choice for 
innovative technologies to satisfy their needs for different energy end-uses, such as space and water 
heating. Two studies that look at the demand for heat pumps by applying a bottom-up model are 
included in this section.  
Kannan and Strachan (2009) compared results from modelling the decarbonisation of the UK energy 
residential sector with the MARKAL approach with results from four UK housing stock models: the 
BREHOMES; the UKDCM; the Johnston and the Fawcett models.  
MARKAL explores low cost energy configurations that can reduce energy consumption and CO2 
emissions under different input assumptions and scenarios. MARKAL is an economy-wide model that 
takes into account all the interactions amongst sectors in the economy. The housing stock models on 
the other hand, focus on the housing sector and can allow for higher disaggregation within the sector.  
The authors reported differences in the energy consumption and the CO2 emissions results between 
the MARKAL and the housing stock models and between the MARKAL and the DTI (Department for 
Trade and Industry) energy econometric model which is the only forecast used by the Government. 
The comparison of different type models revealed large variation in energy demand projections which 
shows the uncertainties involved in the input assumptions in all models. The discrepancies amongst 
models stem from the fact that housing stock models can account for behavioural issues related to 
energy consumption, but they cannot capture costs or energy system trade-offs. The MARKAL model 
on the other hand can account for sectoral interaction but cannot include detail of the housing stock 
at the individual level. The two different types of models are therefore complementary and their 
combination can achieve more reliable and consistent results. Though it is feasible theoretically to 
have adequate sectoral disaggregation within a whole energy system model, practically it is not 
possible due to data availability, computational problems and difficulty in understanding and 
communicating modelling results.  
Gupta and Irving (2014), studied the effectiveness of heat pump uptake in the UK residential sector 
regarding carbon dioxide emissions and energy consumption reduction. Methodologically this study 
is the closest to the bottom-up model described in chapter 8 in this thesis. However, in this thesis the 
bottom-up model is linked to an econometric international study and includes a wider range of policy 
interventions. Gupta and Irving (2014) used housing data from the English Housing Survey and 
performed bottom-up modelling on single family houses only and not on flats due to lack of data. The 
model in this study is a combination of the BREDEM12 domestic energy consumption model and a heat 
pump model (that calculates the performance of air and ground-source heat pumps for given external 
temperatures, dwelling characteristics and heat demand) developed by Gupta and Irving (2013). The 
BREDEM model provides data on the type and the age of dwelling, number and height of floors, 
number of windows and doors, thermal characteristics (U-values for heat loss), insulation type and 
energy consumption. The heat pump model developed by Gupta and Irving (2013) provided data on 
the coefficient of performance of heat pumps subject to the heat source (air, ground, water) and the 
sink (the indoors space i.e. the dwelling). Heat-pump adoption was modelled under short-term (up to 
 
12 BREDEM (the BRE Domestic Energy) is a methodology for calculating the energy use and fuel requirements of 
dwellings based on their characteristics. It is suitable for use in research work, such as stock modelling (BREDEM, 
2015). 
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2020) and long-term (up to 2050) adoption scenarios and under the supportive policy in the UK, the 
Renewable Heat Incentive (RHI).  
Four scenarios were modelled: heat pump installation; heat pump installation with more efficient 
insulation; heat pump installation in dwellings with the most carbon intensive dwellings to achieve 
the highest possible emissions reduction and replacement of carbon intensive conventional heating 
systems with heat pumps and replacement of the conventional carbon intensive heating systems 
(starting from the most carbon intensive) in all dwellings with heat pumps. The model included three 
assumptions for the number of heat pumps, both air-source and ground-source) installed under all 
four scenarios: centre (560 000 units), high (850 000 units) and stretch (1 820 000 units) with ground 
source heat pumps being the more numerous type of the two categories (air-source and ground-
source systems) in all three cases. Results for 2020 scenarios showed that the fourth scenario 
(replacement of carbon intensive heating systems with heat pumps) was the most optimal in terms of 
electricity consumption and carbon dioxide emissions reduction in the centre variation. Regarding the 
2050 scenarios, in order to reach the targets sets by the UK Government for 80% emissions reduction 
by 2050, replacement of conventional heating systems by heat pumps is needed at the level of 15.6 
million units, nationwide, and it should be accompanied by decarbonisation of the electricity supplied 
to heat pumps.  
Kelly et al. (2016) studied the heat pump market potential in Ireland by applying a heating system cost 
minimisation model. They analysed data for the 33.6% of the total housing stock in Ireland and they 
calculated the energy consumption of those households that do not use heat pumps for space and 
water heating. The second step was to calculate the energy consumption that would be needed in 
order to generate the same heat with a heat pump in each dwelling. They assumed three different 
heat pump sizes with three different seasonal performance factors: 3.9 for 8kW, 3.87 for 12kW and 
3.76 for 16kW units.  
Their model is built on the assumption that households would adopt heat pumps if their total cost 
were lower than that of the households’ incumbent heating system. The total cost of heat pumps was 
calculated taking into account: the running cost, the annualised capital cost and the upfront grant 
under four different scenarios with regard to the existence and the absence of a capital grant different 
oil price assumptions.  
The results showed that the interest rate plays a significant role in heat pump adoption, especially for 
fuel poor households who will need to make a significant investment by taking a personal loan at a 
rate between 8 and 12%. The higher the interest rate the more difficult it is to borrow money in order 
to install a heat pump. A capital grant of around 20-25% of the capital cost can increase heat pump 
adoption by 17% points and higher oil prices (it is not mentioned by how much) can increase heat 
pump uptake by 24% points. However, market failures can hinder heat pump adoption due to 
information asymmetry and limited access to finance support. In order to achieve further heat pump 
up take, households need to have clear information based on which they can evaluate the benefits 
vis-à-vis financial (savings) and environmental (CO2 emission reductions) from using an innovative 
renewable heating technology. More favourable discount rates for households, information 
campaigns and maybe a higher capital grant could remedy the barriers to heat pump adoption.  
 Sousa et al. (2017) reviewed 29 housing stock energy models (HSEM) in the UK. The models described 
the housing stock in terms of type of dwellings, age, types of fuel used for energy services (space and 
water heating, cooking, lighting), sources for the data input in the models. The authors highlight the 
fact that when data quantity increases in the models, the quality of the data can decrease which can 
result in errors vis-à-vis the results. Data sampling and collection through nationwide census and 
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surveys has an inherent level of inaccuracy. Handling missing data can also be a problem because the 
method followed to fill the gaps, for instance making assumptions about the missing values can be too 
arbitrary or over simplistic which can lead to biased results.  
The paper describes the two main categories of housing stock energy models: top-down and bottom-
up and their structure and information such as the way the buildings fabric is represented in a model, 
the energy consumption and the appliance usage and information about the occupancy (e.g. type of 
tenancy i.e. renting or owning a property, number of occupants and their behaviour etc). Including 
information about occupants’ behaviour is essential in modelling energy consumption and carbon 
dioxide emissions from the residential building sector. Data regarding the choice of heating systems 
and generally of domestic appliances as well as technical characteristics of appliance mainly efficiency 
are necessary to assess the efficiency of policies and the level of adoption of innovative renewable 
technologies on the transition of the energy system. 
The authors concluded that very few models are completely transparent. Lack of transparency reduces 
the ability to understand the methods and algorithms that have been used to forecast energy 
consumption and make relevant policy recommendations. Improving data quality and quantity is also 
essential to produce unbiased results. Models need to have a distinct architecture with modules that 
are clearly defined so that they can be deciphered, continued and reproduced.  
Merkel et al. (2017) took a novel model-based approach, in order to overcome the lack of detail in 
modelling decentralised heat supply in residential buildings. Energy modelling for the residential 
sector has not adequately addressed the target that Germany has adopted to tackle climate change: 
an 80% reduction of primary energy and an increased usage of renewable energy sources in heat 
supply to 60% by 2050. In this study, the TIMES-HEAT-POWER optimisation model is coupled with a 
decentralised energy system optimisation model to determine optimal and realistic technology 
configurations, and a building stock simulation model to adequately and consistently project the 
evolution of the building stock in Germany. The application of this combination of models, is then used 
to investigate the evolution of the electricity and the residential heat systems in Germany. The authors 
take a normative perspective and investigate the optimisation of heating alternatives in the residential 
sector and look at the Integration with the electricity system for a model-endogenous integration of 
the implications for the heat system, the Integration innovative heating technologies, e.g. fuel cells 
and heat pumps, the consideration of building retrofit measures in the model (endogenously given). 
The modelling approach in this study allows for a coherent assessment of the interactions between 
the heat technologies and the building envelope in the heat system, the Integration of a high level of 
modelling detail of the heat supply systems and the consideration of the technology mix effect in the 
heat system in Germany. Heat pumps for instance, have strong interdependencies with the 
overarching energy system supply infrastructure as they are strongly dependent on prices for 
electricity and fossil energy carriers.  
Merkel et al. (2017) address the identified research gap, by analysing and assessing the electricity and 
heat system of residential buildings in Germany, taking  an approach of a model-based energy system 
analysis that relies on the coupling of partial models that address certain aspects of the investigated 
energy system. An in-depth analysis can therefore take place which from a normative perspective 
allows the investigation of the evolution and the optimisation of the heat system in the residential 
sector up to 2050. The authors aim to answer questions such as: how can the development of the heat 
system of the German residential sector as well as its degree of achievement of energy and climate 
targets in a reference evolution be evaluated? what is the target heat system of the German 
residential sector like under minimal costs? what is the relative contribution of individual heat 
technologies and building retrofit measures to meeting national climate and energy targets? how can 
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the (economic, technical, environmental) trade-offs between competing technologies and their 
combinations in a system context be assessed? how can the techno-economic potential of emerging 
technologies at the interface of electricity and heat, e.g. combined heat and power plants and heat 
pumps be evaluated? (Merkel et al., 2017). 
The modelling coupling allows for increasing detail in aspects such as the evolution of the residential 
building stock both in quantity and energetic properties (e.g. renovation standard) as well as to the 
optimal sizing of the individual components of decentralised heat systems, both of which constitute a 
complex system and planning task in themselves. Linking individual models enables a more detailed 
technical and economic depiction of partial energy systems than it would be in one larger model. The 
TIMES-HEAT-POWER model is the core module. “It is a bottom-up, technology-driven, partial-
equilibrium, multi-periodic optimisation model that encompasses the electricity system and the 
residential heat system in Germany and it determines the choice for heating system based on the least 
total discounted system cost” Merkel et al. (2017). Heating alternatives such as heat pumps, biomass-
fired boilers and micro combined heat and power systems and thermal insulation measures are 
included. In terms of the building stock, the building energy model is a dynamic model that accounts 
for the rate of building demolition and new build. 
The modelling exercise revealed that in order for Germany to reach its climate and energy targets, a 
combination of demand and supply measures in needed. On the demand side, further insulation in 
buildings is required. On the supply side, existing gas and oil boilers must be phased out by 2050 and 
should be replaced by heat pump and solar thermal technologies. The method applied here cannot 
capture socio-economic aspects within individual households. That means that differences in tenure, 
income, household structure etc., which all effect energy consumption and investment decisions 
relating to heating technologies are not captured, Jones et al. (2015). 
5.4 Hybrid studies   
Hybrid studies can be used to bridge the gap between bottom-up and top-down techniques, or the 
gap between studies that only look at the techno-economic characteristics of a technology and studies 
that only look at consumers’ preferences in the energy sector. Bottom-up models do not fully reflect 
the effects of technological change and technology adoption on the economy, while top-down models 
cannot provide useful insight to policy makers as to the extent that policies can affect the financial 
cost of new technologies and thus their adoption by consumers. Top-down models look at the 
interactions between the energy system and the economy as a whole and take into account variables 
like energy prices, consumer income, price of goods, energy efficiency and total private consumption 
(Jacobsen, 1998). Economists that conduct top-down analysis work with aggregate data and look at 
the dynamics between relative costs and relative market shares of energy and other inputs and try to 
explain the market penetration of technologies through the elasticities of substitution between 
capital, labour, energy, materials on the one hand and primary energy (coal, oil, natural gas) or 
secondary energy (electricity, processed natural gas, diesel etc.) on the other.  
One relevant hybrid study has been identified in the literature. Jaccard and Dennis (2006)13 studied 
the choice for heating systems amongst households in Canada and the role of policy in their decision. 
 
13 Jaccard and Dennis (2006) used the hybrid model CIMS which is a simulation and not a top-down model, but 
the paper is included in the hybrid studies section because it models detailed technological characteristics and 
changes and consumers’ behaviour in order to evaluate the role of policy on the adoption of energy efficient 
technologies.  
76 
 
They used a simulation energy-economy general equilibrium model CIMS14, to capture the interaction 
between energy supply and demand in the whole economy. A discrete choice model which captured 
consumers’ hypothetical response to technological change and their willingness to pay for innovative 
energy technologies, was used to inform the general equilibrium modelling. The paper devotes much 
more attention to the discrete choice model than it does to CIMS. 
CIMS simulates the competition of technologies for each separate service in the economy and their 
market share based not only on financial costs and discount rate but also on their life cycle cost (LCC). 
LCC includes intangible costs, such as technology-specific risks and information asymmetry, as well as 
consumers’ time preferences (revealed discount rates). In the model the market share of each 
technology is a function of: the capital, the maintenance and the operation cost of each technology, 
the intangible cost, the energy cost, the discount rate and the heterogeneity of the market that 
represents the different perception that different consumers have for the LCC of each technology. A 
highly heterogeneous market means that the technology with the lowest life cycle cost will have the 
largest market share while a more homogenous market means that even when the life cycle cost of 
different technologies varies significantly, their penetration is fairly even.  
In order to identify the factors that influence consumers’ choice for energy heating technologies, 
which in turn would produce values for the CIMS model to analyse consumer behaviour, Jaccard and 
Dennis (2006) applied a discrete choice model to study households’ energy related decisions. They 
collected data by constructing stated preference experiments. Initially telephone interviews were 
conducted to identify those who agreed to take part in the survey. Questionnaires then were sent to 
950 homeowners of single-family houses, out of which the final sample for analysis included 625 
respondents, due to lack of complete answers or incorrect answers. The survey was conducted in two 
stages: at the first stage respondents had to reply to the hypothetical question of choosing between 
undertaking renovation with energy efficiency measures and undertaking renovation without it. 
Respondents were given four attributes relevant to choosing between renovation with energy 
efficiency measures and without them: capital cost of the renovation; subsidy on the capital cost of 
the renovation ($1000); annual heating costs and comfort level.  
The second stage of the experiment covered consumers’ choice of heating systems, for which 
respondents were presented with five alternatives: a standard efficiency natural gas/furnace boiler; a 
high efficiency natural gas/furnace boiler; an electric highly efficient heater; a heat pump and a 
standard efficiency oil standard boiler. Respondents were asked to reveal their preference based on 
the following attributes for each heating alternative: the capital cost of the each heating system; the 
subsidy on the capital cost of only two alternatives ($300 for high efficiency gas boilers and $1000 for 
heat pumps); the annual operating cost and the responsiveness of the heating system (defined as the 
time it takes for each heating system to reach the required temperature). Consumers’ choice was 
represented with a linear utility function of a constant specific to each alternative, the importance of 
the technology attributes to consumers and the unobservable error term.  
Results from the first stage of the model showed that capital and annual heating costs reduce utility 
while the subsidy and the comfort level increase utility and thus the likelihood of a consumer 
undertaking a renovation. The model showed that consumers prefer undertaking renovation with 
energy efficiency upgrades. Results from the second stage showed similar trends. All attributes are 
 
14 CIMS “is an integrated, energy–economy equilibrium model that simulates the interaction of energy supply 
demand and the macro-economic performance of key sectors of the economy, including trade effects. It 
simulates the evolution of capital stocks over time through retirements, retrofits, and new purchases, in which 
consumers and businesses make sequential acquisitions with limited foresight” (CFU, 2019).  
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statistically significant. Specifically, the capital and the annual running costs and the responsiveness 
of each heating alternative are negatively correlated with the utility a household derives by using them 
while the capital cost subsidy increases utility. Regarding heating system choice, households who 
currently use an oil system prefer to stay with that option while those who do not own an oil system 
favour high efficiency natural gas over heat pumps. With regard to the effectiveness of policy towards 
reducing GHG emissions, the model showed that the subsidy on heat pumps did not result in 
significant emissions reduction while the renovation subsidy had a significant impact.  
5.5 Summary and critique of the literature reviewed 
The studies in the literature review have been divided by the methodology used to analyse data, 
mainly collected through surveys. The literature review revealed that the most frequently 
implemented methodology for the analysis of consumer choice with regard to heating systems has 
been the econometric analysis of stated preference survey data.  Researchers adopted this approach 
in order to evaluate the role of different factors on the market penetration of conventional and 
renewable technologies. These factors included techno-economic characteristics of heating systems, 
sociodemographic characteristics of consumers, buildings characteristics of dwellings and policy 
supportive measures for the adoption of innovative technologies.  
While the studies tested variables that are expected to affect consumer choice, the data sets generally 
referred to a single country and most often to certain regions of a country. The sample was thus 
limited and the role of policy for instance could not be evaluated fully. The exception is Lund (2007) 
who used a market diffusion model using data from Finland, Austria, Germany, China, UK, USA, 
Denmark, Norway and Sweden. 
The role of sociodemographic variables, on consumers’ choice for heating systems, such as age, 
gender, education and income level of homeowners has not been clear across the literature.  While in 
a large number of studies researchers have used data through surveys and analysed them with the 
same statistical method (multinomial logistic regression being the most used one), the results are not 
the same. For instance, while Decker and Menrad (2015) and Braun (2010) did not find a correlation 
between these variables and the purchase of a heating system, Mahapatra and Gustavsson (2008), 
Sopha et al. (2010) and Michelsen and Madlener (2012) showed that age, income, gender and 
education level influence consumers’ choice. Similarly, there has not been solid evidence vis-à-vis the 
role of the environmental performance associated with a heating system on consumers’ choice. In 
Nyrud et al. (2018) and Korehnke Kommunikation (2009), ecological awareness was shown to have a 
significant role on household’s choice for heating systems while Mahapatra and Gustavsson (2008) 
showed the opposite.  
The different outcomes found in the literature, with regard to the role of the same variables like the 
capital cost, the capital subsidy and age, can be attributed to the heterogeneity of the population in 
each country vis-à-vis cultural aspects and values, income, energy prices and penetration of each fuel 
in the market (in the UK for instance the gas share in the energy mix is very large in comparison to 
Scandinavian countries or Switzerland).  Only one bottom-up modelling study (Kelly et al., 2016) tested 
the role of different discount rates in borrowing money to facilitate investing in heat pumps. 
Furthermore, replies to questionnaires based on stated preferences must be interpreted carefully 
because respondents may feel they have to answer what is the “right thing” from a societal point of 
view, whereas in reality they may choose a more carbon intensive heating system. Survey studies also 
suffer from their static nature. They cannot address future technology adoption when energy prices, 
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policies and consumers’ attitudes might have changed, perhaps towards a more favourable direction 
regarding market penetration of innovative technologies.  
The role of policy needs to be studied over a long period to see the effect on the market uptake, since 
not all consumers are early adopters. Laggards might need more time to learn about the different 
policies in place and to understand the administrative issues associated with the application to receive 
a subsidy. Taking a static rather than a time-series approach does not allow researchers to evaluate 
which factors and to what extent these contributed towards market adoption. 
In terms of policies, the adoption of renewable heating technologies has been studied to a large extent 
in Norway, followed by Germany and Finland. Relevant research for the United Kingdom is very 
limited.  
To summarise, the main outcomes of the literature review are the following: 
• The capital cost is an important factor in influencing consumer’s demand for renewable 
heating systems.  
• The running cost was the second most important factor affecting the choice for heating 
systems. 
• The capital cost subsidy was found to encourage the uptake of renewable technologies in 
most studies, while there were cases in which the subsidy did not succeed in overcoming 
households’ concerns about future energy prices and technical performance.  
• Environmental values did play a significant role in choosing a renewable heating system. 
• Age had a significant negative effect on the demand for renewable heating systems while 
income had a significant positive effect.  
The literature review has shown that the adoption of renewable heating systems cannot be explained 
solely by the traditional economic perspective according to which consumers are rational agents who 
make their choice based on cost-benefit aspects and utility maximisation. The literature reveals that 
consumers are driven by personal attitudes and values that cannot be captured purely by neoclassical 
consumer theory and models that exclusively use pure economic variables. These personal 
preferences can be revealed only by conducting surveys through questionnaires, focusing on specific 
values that matter to individual households.  
In the case of a country wide research study, as in this thesis, full information cannot be easily accessed 
by individual researchers unless it has been collected by research institutes and organisations with the 
capacity to conduct large scale surveys. This thesis therefore builds on previous work through two 
complementary approaches. The first is a top-down econometric analysis, based on panel data, of 
heat pump sales in eight European countries. This tests the role of the three different categories of 
policies that have been implementing in Europe in order to stimulate demand for renewable energy 
efficient heating systems. These categories are fiscal, informative and legislative polices as presented 
in detail in Chapter 4. The second strand is a bottom-up techno-economic model of demand for 
heating systems in the existing housing stock in England and Wales. This is based on the assumption 
of rational economic agents and can therefore be seen as pointing to necessary but not sufficient 
conditions for the large-scale adoption of heat pumps in the UK.  
Chapter 6 moves on to describe the methodology adopted in more detail.   
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CHAPTER SIX: METHODOLOGY 
6.1 Background  
Energy modelling for buildings has been used to monitor and to estimate energy consumption for 
houses or groups of houses and to project the findings into the future under different scenario 
assumptions (Swan and Ugursal, 2009). In the residential sector, the purpose of energy modelling is 
twofold: one is to calculate energy requirements for different services (heating, lighting etc.) at a 
regional or national scale. The second is to evaluate the impact of technology change and policy 
interventions on energy consumption and CO2 emissions. Modelling can help policymakers to 
understand consumer behaviour, to shape demand and supply in the market, and to establish 
different types of measures with a view to improving the residential building stock and incentivising 
households to adopt innovative low-carbon technologies.  
As noted in Chapter 5, there are two different approaches to energy modelling in the residential 
sector: the top-down and the bottom-up. The differences relate to the input parameters, the different 
methods of calculation, and the different applicability of the results (Swan and Ugursal, 2009). Top-
down models calculate the impact of long-tern transitions in the residential sector on energy 
consumption. They use macroeconomic parameters such as GDP, energy prices, per capita income, as 
well as climatic parameters (temperature, heating degree days) and the construction and demolition 
of dwellings in order to describe the relationship between the economy and residential energy 
demand (Kavgic et al., 2010). They use aggregate historical data focusing on past macroeconomic 
trends (Kavgic et al., 2010). The usual aim of top-down models is to determine and project supply 
requirements. Bottom-up models calculate the energy consumption from individual dwellings or 
groups of dwellings and aggregate them to represent consumption at a higher level, for example a 
region or a country.  
Each approach has advantages and disadvantages. Top-down techniques need only aggregate data 
which are more readily available, but they cannot capture technological detail nor can they calculate 
energy consumption at the level of individual housing types, making it difficult to identify important 
areas for improvement (Swan and Ugursal, 2009).  
On the other hand, bottom-up models working with a disaggregated approach, can calculate energy 
requirements per service and per individual or per group of dwellings, allowing a detailed 
representation of technological options and advancements in specific segments of the residential 
sector. They focus on individual building characteristics that affect energy consumption (Kavgic et al., 
2010). Bottom-up models use technical (e.g. heating system efficiency) and economic parameters 
(interest rate, capital cost) to describe and explain competition amongst technologies and fuels. They 
explicitly consider the cost effectiveness of individual technologies based on the capital and running 
costs faced by consumers, as well as the cost of reducing emissions (Jacobsen, 1998; Rivers and 
Jaccard, 2018). Building physics models calculate energy consumption in the residential sector based 
on the energy consumption of representative dwellings. These models use data on the physical 
characteristics of the heating systems used such as efficiency, data on the rooms of the dwelling, the 
heat loss through windows, walls, doors, the thermal characteristics (U-values), energy consumption 
of appliances, number of occupants, internal and external temperatures (Kavgic et al., 2010) etc.   
Modelling technological change, consumer behaviour and policy effectiveness in the energy 
economics field has been carried out in a fragmented way. Modellers have typically followed one or 
the other approach and have worked independently of each other. Both techniques have 
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demonstrable gaps and have had criticism. In the bottom-up approach, technologies may appear to 
provide the same service and can be considered as perfect substitutes. However, there may be other 
attributes of technologies that are of importance to consumers but are not accounted for in a bottom-
up model. For example, heat pump systems required hot water storage which reduces general storage 
space in people’s homes. This assumption can result in energy efficient technologies appearing to be 
more cost-effective than the conventional competing systems (Evans and Hunt, 2009). This type of 
assumption has been criticised by many economists Sutherland, 1991; Jaffe and Stavins, 1994; Jaffe 
et al., 1999). Besides, energy efficient technologies have longer payback periods in terms of 
investment and consumers might not adopt them because of their aversion to upfront capital costs 
(Evans and Hunt, 2009).  
The top-down approach on the other hand has been criticised for not being very useful to policy 
makers who seek to know if and to what extent their policies affect the future costs of innovative 
technologies and the prospect of consumers and businesses adopting them. Given that top-down 
models estimate parameters from aggregate historical data, it is uncertain that the values of these 
parameters will be valid in the future when different policies, energy prices and technological 
alternatives will be in place (Grubb et al., 2002; DeCanio, 2003; Laitner, et al., 2003). The weaknesses 
of the two approaches can cause confusion for policymakers who need to decide on the type (e.g. 
financial incentives, institutional measures etc.) of policy needed and the level of stringency (e.g. high 
taxes v. low taxes).   
6.2 The methodological approach in this thesis 
In response to these challenges, this thesis uses two complementary modelling approaches: a top-
down econometrics model used to assess what factors have contributed to the take-up of heat pumps 
in countries where adoption is widespread; and a bottom-up techno-economic model of heating 
system choice in the existing housing stock in England and Wales to assess the socially optimal level 
of heat pump deployment, and the nature of policy interventions that could support this deployment. 
The methodology followed in this thesis compares insights from the econometric model at the first 
part (chapter 7) and uses them to inform the techno-economics model in the second part (chapter 8). 
The insights from the two approaches are used to fill in gaps identified during the literature review in 
Chapter 5, with a view to addressing the research questions set out in Chapter 1. 
An energy economics modelling topic, like the research topic in this thesis, can be studied by either of 
these techniques depending on the set objectives. The reason for combining a top-down econometrics 
model and a bottom-up heating system cost model is threefold:  
a) The econometric model will answer the first two research question identified in Section 1.2, 
namely:  to evaluate how macroeconomic factors and different types of policies have been 
shaping the heat pump market in certain countries; and to test whether these factors have 
had the same effect on the heat pump market in the UK. The types of policy which have had 
the most significant impact on heat pump sales will be identified. 
b) The heating system cost model will look exclusively at the existing housing stock in England 
and Wales to address the third and fourth research question:  how different scenarios with 
regard to energy prices, policy options and capital costs of various heating systems could 
influence consumers’ choice and shape the UK heat pump market; and to inform policy 
makers of the effectiveness of current policies as well as the potential effectiveness of 
alternative policy options. This is achieved by making future disaggregated projections about 
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consumers’ behaviour and choice of heating systems based on macroeconomic variables and 
techno-economic characteristics of different heating systems. 
c) The role of policy for the UK heat pump market in the future is explored in the bottom-up 
model as follows: the most effective type of policy identified in the econometric model will 
also be modelled in the bottom-up techno-economic model for the UK.  
6.3 Choice of countries  
Except for the UK, which is the focus of this research, seven more countries will be studied using the 
econometric model. These are the countries covered in Chapter 4 for which heat pump sales data is 
readily available: Austria, Finland, France, Germany, Norway, Sweden and Switzerland. These 
countries have been chosen for a number of reasons, primarily because of the fact that they have well 
developed heat pump markets that have been growing significantly the last ten years, some faster 
than others and secondly because they can be divided into two groups, in terms of size, economy and 
climate. Size wise, the first group has France and Germany which are bigger, similar to the UK. The 
second group has Norway, Sweden, and Switzerland which are smaller. Economy wise, the division is 
the same as before while climate wise the first group has the Nordic countries (Finland, Sweden and 
Norway) with very cold winters, and the second group has France, Germany and Switzerland with the 
central Europe continental climate which is less cold than that of the first group but still colder than 
the climate in the UK.  
The heating system cost model will be implemented for existing dwellings in England and Wales. This 
is because of the ready availability of relevant input data. The UK government has announced that it 
will mandate the end of fossil fuel heating systems in new homes from 2025 onwards. This suggests 
that heat pumps may become the automatic choice for many new homes from 2025, and the 
remaining policy challenge will be the take-up of heat pumps in existing homes. 
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CHAPTER SEVEN: ECONOMETRICS MODEL: ESTIMATION OF 
CONSUMER DEMAND FOR HEAT PUMPS IN EUROPEAN COUNTRIES 
7.1 Introduction 
Energy consumption for households has been studied extensively by energy economists. 
Disaggregated energy consumption though per end-use has not been studied as much (Larsen and 
Nesbakken, 2004).  
Demand for heating equipment has been studied within the framework of a transition from 
conventional heating systems and fuels to cleaner fuels and renewable technologies. The literature 
review showed the largest share of studies regarding the demand for energy appliances and 
specifically heating systems, started growing in the mid-2000s. Most studies are fragmented as they 
are devoted to one country and use a small part of the population. There is one issue associated with 
demand for heating systems which is not the case with other energy domestic appliances such as 
electric appliances (whose choice does not depend on different fuel alternatives available to 
consumers). This is related to the endogeneity between the heating system choice and the energy 
consumption in an energy demand model (Dubin and McFadden, 1984). Despite this, not many 
researchers have looked at the adoption of heating systems in conjunction with fuel choice and energy 
consumption (Chapter five gives relevant examples).  
Besides the factors that affect consumers’ demand for normal goods according to neoclassical 
economic theory, i.e. the price of the good in the market and the budget constraint of the consumer, 
there are additional factors that are specific to the demand for heating systems. Firstly, households 
who do not own their home cannot choose freely amongst all potential alternatives due to the split 
interests between the landlord and the tenant. There are two reasons for this barrier: one is associated 
with the fact that a capital intensive investment (especially for innovative renewable heating 
technologies), will not benefit the tenants since they cannot stay for as long as it takes to see the 
returns;  and second tenants might not be allowed to change the heating system of the dwelling they 
rent. The second factor that limits the choice for heating system is the lack of access to a specific fuel 
(e.g. lack of gas network connectivity). Thirdly, innovative technologies can be considered complicated 
to operate especially amongst old people who have been used to a simpler conventional system for 
very long time and might not be willing to try something new.). Environmental values can also affect 
the demand for heating systems in the way that consumers with strong environmental concerns are 
more likely to pay for a renewable heating technology, even if the investment represents a significant 
part of their income, which they would not necessarily do for other goods 
While the demand for electrical appliances is quite homogenous in terms of the choice made based 
on their operating costs (since they all work with electricity) and based on the fact that their capital 
cost mainly varies from brand to brand rather than from type to type, the demand for heating 
appliances can be highly heterogeneous. This is because consumers who might be homogenous in 
terms of income, age and/or education, might have different preferences when it comes to choosing 
a heating system due to different capital and operating costs (e.g. a heat pump is much more 
expensive than a boiler in the market, the price of electricity is higher than that of natural gas), due to 
different carbon footprint (gas or an oil boiler is more carbon intensive than a system which works 
with electricity) and due to practical issues such as ease of use, familiarity with each system’s 
functional properties and performance.   
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Consumers are agents on the demand side of the market. Economic theory states that their demand 
for goods will depend on their taste and on their ability to buy, i.e. on their disposable income and the 
constraints associated with it (Gravelle and Rees, 1992). In a competitive market, consumers can 
choose from plenty of alternatives those goods they want to consume and the quantity they want to 
consume. According to neoclassical economic theory, and specifically consumer theory, agents make 
their choices based on the utility they derive from consuming the specific good, subject to budget 
constraints, since they face certain prices. This means that consumers will choose those goods that 
maximise their utility and which fall within their budget constraint. This is an optimisation problem. 
Given the price consumers have to face, as well as their budget constraint, the consumption of one 
good might decrease when its price increases and according to the substitution effect consumers will 
turn towards a cheaper alternative which falls within their budget constraints and gives them the same 
level of utility. Traditional economic theory assumes that agents behave rationally because they want 
to maximise their welfare and they have access to accurate and complete information which they can 
assess freely (Pollitt and Shaorshadze, 2011). 
The question is how can a consumer solve the optimisation problem, i.e. what does he or she need to 
know in order to make the optimal choice? While in neoclassical economics economic agents are 
considered rational (i.e. they have rational preferences) who always choose the bundle of goods that 
maximises their utility, they act based on complete knowledge and information. According to 
traditional economic theory, rational consumer behaviour can be improved by providing further 
information and more options to choose from. There are cases however, where the choice people 
make is against their self-interest and seems counter-intuitive (Mathis and Steffen, 2015; Frederiks et 
al., 2015). This can be due to a number of factors such as uncertainty about relative costs (for heating 
equipment and fuels), uncertainty about the long-term benefits from adopting a specific heating 
system and consumer heterogeneous preferences (McCoy and Curtis, 2018). 
7.2 Consumer theory under neoclassical economics  
Rational consumers try to maximise the utility they derive from the goods they consume, subject to 
their budget constraint. If a consumer chooses goods X1 and X2 over goods X3 and X4 it means that 
utility U1 from consuming goods X1 and X2 is higher than utility U2 from goods X3 and X4. This is shown 
in equation 7.1. 
                                                                             U1 (X1, X2) ≥ U2 (X3, X4)                    [7.1] 
Maximising utility though is subject to consumers’ budget constraint Y, i.e. subject to their income. 
This is described in equation 7.2 as follows:  
                                     Max U (X1, X2), subject to P1 X1 +P2 X2 ≤ Y                                          [7.2] 
Once consumers have solved their maximization problem and they have chosen the goods that give 
them the maximum utility subject to their budget constraint, their demand for these goods will be a 
function of the price (P) of each good in the market and their income. Consumer demand therefore 
can be expressed as follows: 
                                                                 QX1,X2 = f (PX1,X2, Y)                                      [7.3] 
With                                                            P1X1 +P2X2 ≤ Y                                          [7.4]              
Where QX1,X2 is the demanded quantity for goods X1 and X2 and P1 and P2 are the prices for goods X1 
and X2 respectively and Y is the income .   
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7.3 Demand for heating systems: theoretical background 
When we model households’ demand for heating systems in the residential sector, one of the aspects 
we want to study is what influences consumer choice for heating technologies, and not what 
influences the quantity of the heating system. This is because households need generally one heating 
system per dwelling which they replace when it reaches the end of its lifetime. When households want 
to install a heating system, in a new dwelling or to replace their existing one they have to make a 
choice between the heating alternatives available to them in the market and the respective fuel for 
each technology.  
We assume that a household can choose between two alternative heating systems: a heat pump and 
a gas boiler. According to economic theory, households will adopt heat pumps if the benefits are larger 
than the costs, in relation to the competitive alternative, i.e. the gas boiler, and assuming they derive 
a greater utility from choosing heat pumps over gas boilers. Households therefore consume heat 
pumps and other goods. As other goods we include everything else that households spend their 
income. The utility a household derives from using a heat pump (HP) and other goods (O) is: 
                                                               U (XHP, XO),                         (7.5) 
subject to the budget constraint of the household:  
                                                          s.t Y = PHPXHP +POXO                       (7.6)                     
Where PHP and PO are the prices for heat pumps and other goods in the market.  
In order to define the utility function in this case we need to know the energy consumption for the 
household, the observable characteristics of the household, the observable characteristics of the 
dwelling and the different heating alternatives, the unobservable characteristics of the household and 
the heating system and the price of other goods in the market (Nesbakken, 1998; McCoy and CurtIs, 
2018). Observable characteristics of a household (X1) are the size, the income, the age and the 
education level, while unobservable (X2) characteristics can be the personal values (e.g. environmental 
awareness), their concern for future fuel prices or for future policies. Observable characteristics (X3) 
of the dwelling include size, type, age and level of insulation of the dwelling. Observable characteristics 
(X4) of the heating system are its price in the market (capital cost) and its operational cost, which is 
the price of the fuel a heating system works with multiplied by the energy consumption. Unobservable 
characteristics of a heating system (X5) can be related to functional aspects, for instance how easy it 
is for households to use it (older people might not feel comfortable with an innovative system and 
might prefer to stay with a conventional technology they are familiar with) or how invasive it is to 
install (if the installation involves heavy drilling, occupies a lot of space etc.). Given all these factors, 
households would choose the heating system that maximizes their utility. The utility function would 
be described by all these characteristics regarding the heating system, the fuel it uses, the dwelling, 
the household who makes the choice of using one heating alternative, here heat pumps.     
The solution to the maximization of the utility function (7.5) subject to the budget constraint function 
(7.6) with respect to heat pumps and to other goods, would result in the demand function for heat 
pumps. Demand for heat pumps would then be a function of X1, X2, X3, X4, X5, X6 and X7. The general 
demand function is: 
                                                QHP = f (X1, X2, X3, X4, X5, X6, X7 Y)                    (7.7) 
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Observable characteristics of a household (X1 in equation 7.7) refer to socioeconomic factors. The 
income of households reflects, subject to the price of goods, the consumers’ purchasing power and 
thus to their decision to invest in a heating system. The level of education of households or at least of 
the head of the household could be related to the level of environmental concern as highly educated 
people are more likely to value environmental quality and to be willing to pay a premium for it. 
Education can also be related to technological aptitude that increases the likelihood of choosing an 
innovative heating system since its operation might not seem too difficult and complicated for 
technologically minded households. 
Unobservable characteristics of a household (X2 in equation 7.7) refer to household’s personal values 
and attitudes. Environmental awareness, willingness to do the right thing for the society can influence 
their choice to a larger extent than financial related issues. Households who choose a low carbon 
heating system which is more expensive than a conventional alternative, might derive utility not only 
from the service they receive but also from knowing they are contributing to the public good.  
Observable characteristics of the dwelling (X3 in equation 7.7) refer to size, type, the age and the 
insulation of the dwelling. The size, the type and the Insulation of a dwelling are related to the heat 
demand and the available space to install a heating system. Ground source heat pumps for instance 
require significant external space so they would not be chosen by households who live in flats.  
Observable characteristics (X4) of the heating system include financial aspects. The price of the system 
in the market can represent a significant investment for households and it can discourage them from 
adopting a capital-intensive alternative. The operational cost depends on the energy prices and the 
energy consumption and it can also act as a barrier.   
Unobservable characteristics of a heating system (X5) describe the work required to operate the 
system, the level of disturbance regarding its installation in a dwelling, the level of familiarity 
households have with different heating systems, the access to suppliers of the actual system and the 
respective fuel, the availability of trained installers to provide advice and maintenance. These aspects 
are related to households’ lifestyle to the supply side of the market. For a household wishing to install 
a wood pellet system, the amount of work related to its use and the proximity to pellets vendors can 
be important, households who would be willing to install a heat pump, could be discouraged if they 
cannot access trained and knowledgeable personnel in their vicinity to offer service and advice.     
The price of other goods (X6) households consume in the market, affects demand for heat pumps in a 
way that it reduces the share of the income a household can dedicate to the installation and the 
operation of the heat pump.  
The choice of a household to install a heat pump and not a different heating system is influenced by 
the observable characteristics of all other available possibilities in the market, e.g. gas boilers, oil 
boilers, biomass systems etc. The observable characteristics of the “competing” heating alternatives 
include their price in the market and their operational cost (similarly to the operational cost for heat 
pumps and the way it has been defined earlier in this section). The observable characteristics of the 
competing technologies are described by the term X7 in equation 7.7.  
Income affects the demand for all goods and thus for heat pumps.  
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7.4 Empirical framework 
7.4.1 Methodology description 
The literature review in Chapter 5 showed that most researchers have estimated consumers’ demand 
or choice for heating systems with a discrete choice analysis model. The data collection method was 
a survey through questionnaires at which respondents had to state their preferences. These studies 
estimated the factors, in equation 7.7, that would influence consumers’ choice if they were to replace 
their heating system with a new one (households were given the option of choosing their current 
system. The models in these studies therefore estimated the likelihood that different heating 
alternatives being chosen by households subject to their preferences with regard to their 
sociodemographic characteristics, the characteristics of the heating alternatives, the features of the 
dwelling and their values and lifestyle. The advantage of this method is that data regarding these 
observed and unobserved characteristics about households, dwellings and heating systems can be 
collected for individual households.  
Stated preferences studies give some indication of the factors that shape and determine consumers’ 
choice for heating systems but cannot be considered entirely accurate since a stated preference might 
not be translated into an actual choice and consequently an actual purchase of the good in question. 
Thus, the market penetration of each technology can be overestimated or underestimated. The 
second drawback of the method is that the sample of respondents represents only a part of the 
population in a country (quite often representing different regions in each country), as it would be 
extremely time consuming to survey the whole population. 
In order to conduct a more systematic analysis of households’ demand for heat pumps and to obtain 
a more comprehensive picture of heat pump markets in different countries in Europe, a revealed 
preference method will be applied in this thesis. The demand is expressed as the number of heat pump 
units sold every year in each country which also represents the actual consumer decision making in 
heating choices. This approach allows for the estimation of the factors that have been contributing to 
heat pump demand in more than one country and in the whole country as opposed to a sample of the 
population. The main advantage of this method is that it can capture the effect of different 
background factors on consumers’ demand across the whole country. Revealed preferences data for 
heat pump demand here are market secondary data. 
 7.4.2 Model specification  
In this research the factors that have influenced demand for heat pumps, in Austria, Finland, France, 
Germany, Norway, Sweden, Switzerland and UK (the reasons for choosing these countries are 
explained in Chapter 5) are identified and evaluated using panel data analysis. The panel data analysis 
allows us to compare the effect of different factors on heat pump sales across the eight countries. The 
time period in the model is 1976-2017. The reason for choosing the specific time period is related to 
the first heat pump sales being documented and published. The data refer to sales within each country 
i.e. to heat pumps which have been sold to households located in each country. They do not include 
exports (Sweden and Germany for instance manufacture and export heat pumps to other countries).  
According to equation 7.7 in Section 7.3, the demand for heat pumps in the sample of countries is a 
function of variables related to the households, dwellings and heat pump characteristics and can be 
expressed as follows: 
                            Yit = β0 + β1Xit + β2Pit + β3Zit + β4Uit + β5Ait + β6Eit + β7Dit + vit ,                         [7.8] 
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In equation 7.8, i and t represent the country and the time period respectively. Yit is the dependent 
variable representing the number of heat pumps sold annually. The explanatory variables in the model 
correspond to the factors presented in Section 7.3 and are as follows: Xit is a vector comprising the 
capital cost of heat pumps and other alternatives; P it is a vector comprising the gas, electricity prices 
and biomass prices; Zit is a vector comprising sociodemographic factors like income, age, education 
level of the households; Uit is a vector comprising environmental variables; Ait is a vector comprising 
households’ attitudes regarding heat pump adoption (e.g. difficulty using a heat pump, peer pressure 
or influence by their social network); Eit is the efficiency of each heating system; and Dit is a vector 
comprising different types of energy efficiency policies. Vit is the random error term. The detailed 
model specification is presented in the next section.   
7.4.3 Econometric specification  
The specification of the econometric model for heat pump demand in this research, follows the 
demand equation in equation 7.8 in Section 7.4. 
Heat pump sales data here, do not refer to the individual observable characteristics of each household, 
each dwelling with a heat pump, nor do they refer to the techno-economic characteristics of each heat 
pump installed. Secondary data related to the observable characteristics of households’, i.e. the age, 
the income and the education level of one (usually the head) or two adult members in the household, 
who have bought a heat pump are not available. Secondary data about the price of heat pumps, as 
well as the price of other heating systems in the market and the size and type of each dwelling with a 
heat pump for the time period between 1976 and 2017 are also not available for any country.  Having 
data on the price of all heating alternatives from which households could choose which one to adopt 
and on the price for all fuels would be extremely helpful in a demand function.  
Regarding the efficiency of the various heating choices, three different assumptions are considered: 
the first considers that the efficiency has not changed over the period of 41 years and thus it would 
not make any difference in the demand model. The second considers that there has been change but 
since there are no data available it cannot be included in the model. The third assumption considers 
slow technological progress but not sufficient to have an impact on households’ demand for heat 
pumps and thus its exclusion from the model will not result in biased results.   
Data about households’ attitudes and values vis-à-vis heat pumps cannot be measured but can only 
be stated by individuals during surveys. Had these data been available, they could give some insight 
as to the extent that consumers’ choice for heating systems is linked to and influenced by their 
personal beliefs and perceptions of each technology and its contribution to their personal and social 
welfare. The model applied here is a revealed preferences model, thus it cannot capture such 
elements in order to explain heat pump uptake. 
Given the constraints, the specification of the econometric model, used in this thesis to describe and 
explain demand for heat pumps, is described by equation 7.9.  
 
HPsalesit = β0 + β1Hholdsit + β2Pgit + β3Pelit + β4Expit +β5GasShare it + β6HDDit + β7Emit + β8Fiscit + β9Legit 
+ β10Infit+ vit                                                                     [7.9]                                                                                                     
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i = Austria, Finland, Germany, France, Sweden, Switzerland and United Kingdom 
t = 1976-2017 
HPsalesit = Number of heat pumps sold annually in each country  
Hholds1t = Number of households 
Pgit = Natural gas price 
Pelit = Electricity price  
Expit = Household final consumption expenditure 
GasShareit = The share of natural gas consumption in the residential sector  
HDDit = Heating Degree Days (HDD) 
Emit = CO2 emissions 
Fiscit = Fiscal Policies  
Legit = Legislative policies 
Infit = Informative policies 
vit = ɛi + uit  
The model assumes that the number of heat pumps sold every year in the sample of countries  is a 
function of: the number of households since a heating system is bought by one household to be 
installed in a dwelling and thus this variable can explain better the number of sales than the population 
would ; the electricity price (electricity being the fuel used by heat pumps), the gas price (gas being 
the fuel used by gas boilers); the household final consumption expenditure which represents the 
actual spending of households for goods and services; the heating degree days15 which serves as a 
proxy for the energy demand needed to heat an indoors space (EEA, 2012), and it affects the amount 
of electricity consumed by households and thus their electricity bills (if electricity bills due to high 
energy demand and to high electricity prices a household might not decide to install a heat pump); 
the CO2 emissions from total fuel combustion for heat and electricity production in the residential 
sector; (CO2emissions are used as a proxy, due to lack of data for consumers’ environmental values, 
to describe consumers’ environmental values. The rationale behind this variable is that when 
emissions from the residential sector are significant or they are increasing every year, consumers 
could become more aware about the carbon footprint of heat and electricity in residential buildings 
and decide to contribute towards tackling climate change by choosing a low carbon renewable heating 
technology; and three types (fiscal, informative and legislative) of energy efficiency policies which aim 
to stimulate consumer demand for renewable technologies. The two most popular fuels for residential 
heating in the panel of countries are natural gas and electricity, depending on the country (Eurostat, 
2019a). The price for electricity is included as it reflects the operational costs of heat pumps and the 
 
15 Heating degree days is a measure of the difference between the comfort indoors temperature, which is called 
the baseline temperature, and the actual outdoors temperature multiplied by the number of days of the year or 
the month that the outdoors temperature is below the base temperature. For instance, the base temperature 
used to calculate degree days in the UK is 15.5ºC and other European countries, because at this indoors 
temperature most UK buildings do not need supplementary heating (Carbon Trust, 2019).  
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price of natural gas is included as it reflects the operational costs of gas boilers which is the main 
heating system alternative for households. Oil and biomass consumption is much lower and given the 
lack of consistent data on oil and biomass prices, for the whole time period, they are not included in 
the model. The model includes the natural gas share consumption in the residential sector and it 
reflects the natural gas penetration in the energy system in each country.  
Variables Fisc, Leg and Inf are binary dummy variable and represent various policy measures that have 
been implemented in the countries in order to promote energy efficiency in buildings in general and 
heat pump adoption in particular. Financial/fiscal measures include capital cost subsidies (a grant 
usually between 20 and 50% of the price of the system in the market), running cost subsidies (a subsidy 
on each kWh of useful heat produced by the renewable system) and tax breaks. All three variables 
take the value 0 for the years when there is no policy in effect and the value 1 for the years there is a 
policy. These three policy categories follow the classification of the Mesures d’Utilisation Rationnelle 
De l’ Energie (MURE) data base which provides information about all the energy efficiency policies 
that have been implemented in EU Member States (ODYSSEE-MURE, 2019). 
Where vit is the composite error. The ɛi represents the unobserved heterogeneity in the panel of the 
eight countries and it captures omitted variables that cannot be observed and thus measured. The 
unobserved heterogeneity can be treated either as fixed effects (FE)16 according to which the 
correlation between the observed explanatory variables and the unobserved effect is not zero, or as 
random effects (RE)17 according to which there is zero correlation between the observed explanatory 
variables and the unobserved effect. (Wooldridge, 2016). It could be more appropriate to apply the 
fixed effect method in order to allow for random correlation between Xi and ɛi. Implementing the 
Hausman test showed that the most appropriate method is the FE to treat heterogeneity. The fixed 
effect, also called the within estimator, corrects the heterogeneity within each group, in this model 
within each country. The unobserved heterogeneity term does not vary with time but only within each 
country. It can capture characteristics such as: the gender of the members of the household, 
educational level of the adults in the household who make the heating system choice (the education 
could change over time but not as frequently and not for a large number of individuals at the same 
time, unlike other characteristics such as income), cultural and ethical differences amongst consumers 
within a country such as the capacity and willingness to take action, their current life style, the degree 
of commitment to environmental values, their concern for the next generation (Flynn et al., 2010; Barr 
and Gilg, 2006; Blake 1999; Stern, 2000).  
The uit term is called idiosyncratic error or time-varying error and it captures unobserved factors that 
vary with time (Wooldridge, 2016). In a model that estimates demand for a heating technology, an 
example of such factors could be the amount of heat needed in a dwelling which can increase or 
decrease as the members of a household grow older or the number of hours a heating system is 
required to provide heat every day which can change depending on how many hours the residents of 
the dwelling stay at home or the amount of time and effort an individual is prepared to dedicate in 
order to operate a heating system, as people get older might prefer something simple and easy to use. 
Both the explained and the explanatory variables are transformed into logs for the following reasons.  
 
16 Fixed effects imply that unobserved heterogeneity is fixed and it is correlated with the explanatory variables 
(Wooldridge, 2016). 
17 Random effects imply that unobserved heterogeneity is random and not fixed and that it is not correlated 
with the explanatory variables (Wooldridge, 2016). 
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• Firstly, the log transformation lowers the numerical range of a variable as it scales down the 
values for each observation and it is advisable for variables such as population, number of 
households and generally variables with large values. In this model the number of households 
and the number of sales that falls in this category.  
• The second reason is that taking logs at both sides gives us estimated elasticities directly, 
which is useful information for a demand function.  
• The third reason is that logs treat the problem of outliers in our data by reducing the influence 
of these extreme values on the dependent variable.  
 
The log-log model is as follows: 
Log hpsalesit = β0 + β1Log hholdsit + β2Log pgit + β3Log pelit + β4Log expit + β5Log gasshare it + β6Log hddit 
+  β7Logemit + β8fiscit + β9legit + β10infit+ vit                                                                                           [7.10] 
The expected signs of the number of households variable is positive because an increase will increase 
the probability of more households buying a heat pump thus heat pump sales will increase. The gas 
price is expected to have a positive effect on heat pump sales since, when gas prices increase, 
households could consider buying a heating system that does not work with gas, e.g. a heat pump, in 
order to face lower operational costs and to adopt a low carbon option. Following the same rational, 
electricity prices are expected to have a negative effect on heat pump sales since consumers might 
not be prepared to face high operational costs when using heat pumps and thus they would be less 
likely to buy them for their dwelling. The share of the natural gas consumption is expected to have a 
negative impact on the demand for heat pumps because an increase in natural gas consumption in 
the residential sector implies that households are more likely to use gas based heating systems and 
less likely to adopt an electricity based alternative like heat pumps. Consumer final expenditure is 
expected to have a positive effect on heat pump sales, because households could choose to make an 
expensive investment (on a good they will not need to replace for 20 to 25 years).  
Heat pumps perform better in not too cold climates, where the risk of temperature falling below 
freezing is low, because they would need less “work”, “effort” to provide heat in an indoors space 
(The Renewable Energy Hub, 2018). Heating degree days therefore are expected to have a negative 
effect on the demand for heat pumps). Financial/fiscal policies are expected to increase demand for 
heat pumps since they are targeted at lowering either capital and operational costs in order to 
incentivise consumers to switch from conventional systems. Informative policies are in place to 
promote the technology through campaigns and advice on households’ energy consumption, so that 
potential adopters can make an informed choice. In the absence of large supply chains, energy advice 
schemes are needed to provide households with independent information. Especially for innovative 
technologies which do not have a strong penetration in the market like heat pumps, consumers are 
not likely to know people who use heat pumps in order to give them their opinion. Legislative policies 
are expected to have a positive effect because they were introduced to set the framework for energy 
efficiency improvements (energy audits in dwellings to identify options for reducing energy 
requirements) and building standards (insulation improvements) in the residential sector.  
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7.5 Data  
The data for the variables in the econometric model for each country and for each of the period 1976-
2017, come from international organisations, professional associations and European databases.  
Data on heat pump sales come from the European Heat Pump Association (EHPA, 2017). The EHPA 
publishes yearly market reports and gathers data from all its members, the country level associations. 
It is the main source of market data for Europe. However, the most recent reports are not publicly 
available and thus the time period of the data set stops in 2017. Heat pumps sales data have also been 
obtained by national heat pump associations such as the British Ground Source Heat Pump Association 
(2018), the Finnish Heat Pump Association (SULPU), the Swedish Heat Pump Association (SVEP, 2007), 
the Swiss Heat Pump Promotion Group (FWS, 2009; BASICS, 2002), the Czech Austria Energy Expert 
Group (CZ-AT EEG, 2005), the French Heat Pump Association (AFPAC, 2008), the German Heat Pump 
Association (BWP, 2008). Heat pump sales data refer to the number of heat pumps being sold within 
each country every year.   
Data on macroeconomic variables have been obtained from international organisations. Specifically, 
energy price data, natural gas and electricity prices, come from the Energy Prices and Taxes database 
for the residential sector in the International Energy Agency database (IEA, 2017). The energy prices 
are measured in US dollars and they include taxes. The prices have been deflated in order to represent 
real prices by using the Consumer Price Index (CPI) with 2010 as a base year. By dividing the electricity 
and gas prices with the CPI, we obtain the relative energy prices with respect to the price of other 
goods since the CPI measures the changes in prices of goods acquired by households. Data on the 
Consumer Price Index deflator are taken from the World Bank (World Bank, 2017). Data on the share 
of the natural gas consumption in the residential sector are taken from the IEA natural gas information 
data base (IEA, 2017). 
Sociodemographic data come from international organisations and European data bases. Specifically, 
data on the household final consumption expenditure come from the World Bank (World Bank, 2017). 
Household final consumption expenditure is measured in US dollars. Data on the number of 
households in each country come from Eurostat (Eurostat, 2019b). Final consumption expenditure has 
been deflated using the CPI as previously.  
Data on environmental variables are taken from international organisations and European data bases. 
CO2 emissions from heat and electricity from the residential sector come from the International Energy 
Agency database measured in megatons (IEA, 2017). Data on heating degree days come from the 
Eurostat database (Eurostat, 2019).  
Data on fiscal, legislative and informative policies come from the Mesures d’Utilisation Rationnelle de 
l’Energie (MURE) data base (ODYSSEE-MURE, 2017). The MURE database contains every energy 
efficiency measure that has been implemented in Europe. Different measures have been listed under 
the three policy categories, fiscal, informative and legislative. The database gives a detailed 
description of the implementation period for each measure in each country and its content and target. 
The quality of the data in the model should be discussed. The quality of data on all macroeconomic 
and sociodemographic variables as well as environmental variables is high. There are different reasons 
for this. The first is that data on socioeconomic variables, on energy prices and on environmental 
variables have been used in scientific research by social scientists within countries and have been 
collected systematically since the early 60s. The second reason is that international organisations like 
OECD, the World Bank, IEA and EUROSTAT which have been established in the 40s, 50s and 60s have 
been gathering, assessing and disseminating data, reported by each country annually, in a timely and 
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consistent way. This long-standing practice has led to the improvement of data collection and 
reporting techniques ensuring thus, as much as possible, the reliability of the data sets.  
Data on heat pump sales on the other hand are not characterised from the same level of accuracy and 
credibility. As heat pumps started entering the European markets in the 70s, and in most countries 
heat pumps entered the market even later, as late as the 90s, countries started collecting and 
reporting market data much later than that. Unlike long time-series (50-60 years) data on 
socioeconomic and environmental variables and on energy prices which have been gathered by one 
international organisation, data on heat pump sales, have not been collected by one organisation, the 
most relevant being the EHPA. The EHPA makes heat pump sales data available to the public for the 
period 2002-2017. Earlier heat pump sales data for each individual country in the sample, have been 
collected by different organisations, often by different organisations even for the same country. This 
approach constitutes a risk of reduced quality and reliability for the data used in the model because 
lack of systematic data collection from one single organisation could mean that a number of heat 
pump sales might have not been reported and collected or a number of sales might be counted more 
than once. As it was not feasible to cross reference the data for the first half of the time period (1976-
2000), the results from the analysis of the data has an inherent level of uncertainty for the UK, Finland 
and Norway for which heat pump sales data were the least continuous and consistent. For Austria, 
Germany, France, Sweden and Switzerland consistent data were collected and reported for almost as 
early as late 70s-ealry 80s. 
 
7.6 Data Constraints  
The main constraint in this modelling exercise is the lack of consistent data for two explanatory 
variables for two countries over the period 1976-2017. Specifically, heat pump sales data being market 
data are not always collected, reported or publicly available. For Norway, heat pump sales data are 
not available for 10 years and for Sweden for 6 years. For the years between 1976 and 1981, for 
Norway, and between 1976 and 1987, for Sweden, there is no adequate evidence that heat pump 
sales did not take place in these two countries and therefore we cannot substitute missing data with 
zeros. In the data set thus these observations are left blank.  
The second variable for which there are missing data is the price for natural gas. In Norway there was 
no natural gas consumption between 1976 and 1994 and therefore zeros can be used as values for 
these years. For the period between 1994 and 2017 there has been natural gas consumption but data 
on the gas price for households are not collected or reported (Statistics Norway, 2013). The data for 
some explanatory variables for certain countries such as the price for natural gas for Sweden, are 
missing from the IEA database. This is due to the fact that Sweden for instance has not reported the 
relevant data to international organisations because of low gas consumption.  
Initially, Norway was part of the panel because there was a steep increase in heat pump sales since 
they were first introduced in the market, starting from 1000 in 1987 and reaching 75385 in 2017, 
making it the second highest country in the sample and the first in the Nordic countries. Due to lack 
of data on natural gas price for Norway, this variable could not be included in the model since there 
was no estimation. Stata was not including any observations for Norway. As the natural gas price is 
considered important to explain demand for heat pumps, and there was no proxy that could be used 
since Norway does not use natural gas domestically for space heating, the choice was taken to remove 
Norway from the sample altogether.  
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7.7 Descriptive statistics  
Before the estimation of the model, descriptive statistics are presented here.  
Descriptive results about the mean of the sample, the minimum, the maximum and the standard 
deviation for all variables, for all observations across the whole panel (all countries separately) and for 
all 41 years are presented in Table 7.1. 
Heat pump sales data across all eight countries have high variance which is expected given the fact 
that in the first five to ten years of the time period, heat pump sales were very low, a few tens or 
hundreds, while in the last ten years sales increased sharply to tens or even hundreds of thousands. 
This steep increase of heat pump adoption follows the diffusion theory, according to which there is a 
slow market penetration of innovative technologies in the beginning of their entering the market 
followed by a non-linear increase during the later stages of their diffusion.   
Natural gas price, electricity price and heating degree days also have high variance across all the 
countries in the sample and CO2 emissions data have a large dispersion for all countries. Household 
final consumption expenditure has a low variance for all countries. The number of households’ data 
also have a large dispersion around the mean value in the sample.  
The natural gas share varies from very low, in Sweden and Finland, and medium, in Austria and 
Switzerland to high, in France and Germany, and very high, in the UK. The countries with the lowest 
natural gas consumption in the residential sector have the highest number of heat pump sales while 
the UK has the lowest. Germany has much higher heat pump uptake than France which is not 
proportional to the number of households in the two countries, Germany having a larger number of 
households than France. 
The sample consists of four countries with relatively small population, Finland, Sweden, Austria and 
Switzerland and three countries with much higher population, Germany, France and the UK. This fact 
is important in order to assess the penetration of heat pumps in each country. Table 7.1 shows that 
amongst the bigger countries, Germany has the highest number of sales while, amongst the smaller 
countries, Finland is first followed by Sweden. The maximum number of heat pump sales in Germany 
is a bit less than the maximum number of sales in Finland which has 32% fewer households than 
Germany. Austria, one of the small countries, has almost 50% more heat pump sales than the UK 
where the number of households is seven times higher than that in Austria.  
Electricity prices in all seven countries are much higher than natural gas prices. This shows that 
households in Sweden and Finland are not discouraged by this difference as much as households in 
the other five countries. The significance of the gas price on the demand for heat pumps is assessed 
with the econometric model.   
The two countries with the highest number of heat pumps (in absolute terms and in relation to the 
number of households), Sweden and Finland, have the highest number of heating degree days, i.e. the 
highest annual energy demand for heating which contradicts the intuition about the expected sign of 
heating degree days and thus the expected effect on heat pump sales. 
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Table 7.1 (a): Descriptive statistics for Austria, Finland, France and Germany 
Country Variable N Mean Min Max SD 
Austria HPsales 42 8444 50 26366 7345 
Austria No Hholds 42 3193036 2558019 4441408 428142 
Austria Pgas 42 72 40 114 20 
Austria Pel 42 230 156 295 40 
Austria Expenditure 42 31068 24628 40479 3956 
Austria Gas share 42 42 12 59 13 
Austria HDD 42 3609 3125 4172 290 
Austria CO2 42 74 44 115 18 
Finland HPsales 42 20789 200 79806 28073 
Finland No Hholds 42 2228878 1697773 2807505 309029 
Finland Pgas 42 26 13 53 10 
Finland Pel 42 155 95 225 35 
Finland Expenditure 42 28527 21830 49884 6117 
Finland Gas share 42 2 0 5 0.9 
Finland HDD 42 5750 5031 6643 387 
Finland CO2 42 24 6 52 14 
France HPsales 42 57808 2250 242068 73663 
France No Hholds 42 23600000 17800000 29000000 3381739 
France Pgas 42 66 37 97 16 
France Pel 42 193 121 312 42 
France Expenditure 42 28150 22444 54554 7883 
France Gas share 42 72 48 96 16 
France HDD 42 2472 2053 2891 220 
France CO2 42 3104 1619 4099 796 
Germany HPsales 42 24640 500 91600 29609 
Germany No Hholds 42 34100000 23900000 41300000 6426577 
Germany Pgas 42 63 40 113 21 
Germany Pel 42 245 139 398 73 
Germany Expenditure 42 27895 24411 33579 2516 
Germany Gas share 42 72 0.06 116 40 
Germany HDD 42 3197 2662 3806 278 
Germany CO2 42 9692 6681 12365 1625 
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Table 7.1 (b): Descriptive statistics for Norway, Sweden, Switzerland and UK 
Country Variable N Mean Min Max SD 
Norway HPsales 31 34634 1000 93842 35144 
Norway No Hholds 42 1885100 1454626 2415860 279106 
Norway Pgas 24 0 0 0 0 
Norway Pel 42 125 79 198 30 
Norway Expenditure 42 46319 36602 85382 12719 
Norway Gas share 17 0.09 0 0.4 0.1 
Norway HDD 42 5590 4790 6335 356 
Norway CO2 42     
Sweden HPsales 36 54055 9006 133383 44251 
Sweden No Hholds 42 4302058 4112951 4824227 173526 
Sweden Pgas 31 82 0 166 61 
Sweden Pel 42 158 81 252 45 
Sweden Expenditure 42 31484 21653 75606 12908 
Sweden Gas share 42 1.4 0 3.4 1 
Sweden HDD 42 5378 4887 6274 369 
Sweden CO2 42 58 1 229 66 
Switzerland HPsales 42 8953 100 25741 8361 
Switzerland No Hholds 42 3030160 2278124 3723079 433115 
Switzerland Pgas 42 62 38 111 23 
Switzerland Pel 42 154 113 217 30 
Switzerland Expenditure 42 48806 39391 94655 13849 
Switzerland Gas share 42 37 10 58 13 
Switzerland HDD 42 3682 3120 4323 371 
Switzerland CO2 42 80 65 86 
 
United Kingdom HPsales 42 4298 0 19809 7537 
United Kingdom No Hholds 42 24100000 21400000 27200000 1747598 
United Kingdom Pgas 42 53 34 85 13 
United Kingdom Pel 42 204 138 280 34 
United Kingdom Expenditure 42 32539 21653 59910 7395 
United Kingdom Gas share 42 170 115 187 18 
United Kingdom HDD 42 3102 2740 3563 226 
United Kingdom CO2 42 4431 568 5200 921 
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7.8 Results   
7.8.1 Panel fixed effect model results  
At first a panel fixed effect (FE) model is applied. The Hausman test was performed in order to choose 
between fixed and random effects. The test showed that fixed effects was more appropriate to treat 
the unobserved heterogeneity amongst countries because the Prob (p) value was 0.000 which is 
smaller than 5% and this means that the null hypothesis of random effects being appropriate can be 
rejected. With fixed effects the correlation between the observed explanatory variables and the 
unobserved effect is considered to be different from zero (Wooldridge, 2002).  
There are 11 specifications for the fixed effects model which are summarised in Table 7.2. 
 
Table 7.2: Description of the specification for the FE model 
Model 
specifications 
Variables 
1 OLS: Pgas, Pel, GasShare, Households, Expenditure, Emissions, HDD 
2 FE: Pgas, Pel, GasShare, Households, Expenditure, Emissions, HDD 
3, 4, 5 FE: Pgas, Pel, GasShare, Households, Expenditure, Emissions, HDD, country 
dummy 
6 FE: Pgas, Pel, GasShare, Households, Expenditure, Emissions, HDD, country 
dummy, policy dummy (the general policy which includes fiscal, informative and 
legislative) 
7 FE: Pgas, Pel, GasShare, Households, Expenditure, Emissions, HDD, country 
dummy, fiscal policy dummy, informative policy dummy, legislative policy 
dummy 
8 FE: Pgas, Pel, GasShare, Households, Expenditure, Emissions, HDD, fiscal policy 
dummy, informative policy dummy, legislative policy dummy, time trend 
9 FE: Pgas, Pel, GasShare, Households, Expenditure, Emissions, HDD, country 
dummy fiscal policy dummy, informative policy dummy, legislative policy 
dummy, time trend 
10 FE: Pgas, Pel, GasShare, Households, Expenditure, Emissions, HDD, country 
dummy fiscal policy dummy, informative policy dummy, legislative policy 
dummy, country*fiscal, country*informative, country*legislative 
11 FE: Pgas, Pel, GasShare, Households, Expenditure, Emissions, HDD, country 
dummy fiscal policy dummy, informative policy dummy, legislative policy 
dummy, country*Pgas 
 
When the country dummy is introduced in the model, Austria is chosen as the reference category 
amongst all the countries in the sample. This means that all the comparisons regarding the results 
about the other six countries will be made against Austria. The results from all the fixed effect models 
are shown in Table 7.2.   
Table 7.3 presents the baseline results regarding the effect that the explanatory and the dummy 
variables have on the demand for heat pumps.  
Specification (1) uses OLS and includes all explanatory variables except for the natural gas share. The 
price for gas is positively correlated with heat pump sales and statistically significant. The price for 
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electricity is also positively correlated with heat pump sales but it is not statistically significant and has 
a lower coefficient than that of the gas price. The number of households is statistically significant and 
positively correlated with heat pump sales while the final consumption expenditure is statistically 
significant but negatively correlated with heat pump sales. CO2 emissions and the heating degree days 
variables are statistically significant and negatively correlated with the demand for heat pumps. 
In specification (2) fixed effects are used to control for the heterogeneity in the sample of countries. 
The gas price has still a positive and statistically significant effect but there is a higher demand 
elasticity of 1.9 which means that a 1% increase in the gas price results in an average increase of heat 
pump sales in the sample by 1.9%. Electricity price has a negative effect on heat pump sales but still 
not significant. Specifically, the elasticity of the demand for heat pumps with respect to the electricity 
price is -0.4 which means that an increase in the electricity price by 1% decreases demand for heat 
pumps by 0.4%. The number of households is still significant with a much higher coefficient than in 
specification (1). An increase in the number of households by 1% results in an increase in the number 
of heat pump sales by 13.5%. The expenditure in the fixed effects model is still negatively correlated 
with heat pump sales but not statistically significant.  
Specifications (3) to (10) are all corrected with robust standard errors to control for heteroscedasticity 
and serial correlation. 
Specification (3) includes the country dummy with Austria as the base country. The effect of all 
explanatory variables are similar to the specification (2) but now the elasticity with respect to the gas 
price results is higher (1.9). The country dummy effect is statistically significant. Heat pumps sales in 
Finland are higher than heat pump sales in Austria by 3.4%, heat pump sales in France, in Germany 
and in Sweden are lower than heat pump sales in Austria by 7.7%, 9.5% and 1.9% respectively. 
Switzerland has higher sales than Austria by 0.9% and the United Kingdom lower sales by 10.9%.   
In specification (4), and also in specifications (5), (6), (7), (8) and (9), the natural gas share variable is 
included in the model. The effect of this variable on the demand for heat pumps is negative and 
statistically significant. The price of electricity is positively correlated with heat pump sales but not 
significant. The effect of all other explanatory variables stays the same as in specification (3). 
Specification (5) is the same as (4) with the country dummy. Gas price has a higher coefficient than in 
specification (4), positive and statistically significant. The expenditure is now positively correlated with 
the demand for heat pumps, but still not statistically significant. All other explanatory variables have 
similar effect, in sign and size except for the number of households which has a much higher 
coefficient 18.7 than in specification (4), 3.3. The effect of the country dummy is the same as in 
specification (3). 
Specification (6) includes all the explanatory variables, the country dummy and a dummy for the 
policy. The policy dummy consists of all three policies in the model, Fisc (fiscal) Inf (informative) and 
Leg (legislative). The reason for including first the general policy dummy is to compare the significance 
of the effect of one general policy on heat pump sales with the significance of the effect of three 
different categories of policies. All explanatory variables have very similar sign and size with 
specification (5) except for the electricity price which has a negative effect and still not significant. The 
coefficient for all countries is the same as in specification (5). The policy dummy is positively correlated 
with heat pump sales but not statistically significant.  
Specification (7) breaks down the policy dummy into Fisc, Inf and Leg polices. The explanatory 
variables have the same correlation with heat pump sales as in specification (6) but electricity price 
has a higher effect on the demand for heat pumps. Heat pump sales in each country in relation to heat 
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pump sales in the base country (Austria) are the same as in specification (6). All three policies are 
statistically significant. Specifically, the fiscal and the legislative policies have a positive and statistically 
significant effect on heat pump sales in all countries while informative policies have a negative effect.  
In specification (8) the time trend is added to assess the significance of time on heat pump sales. The 
price for gas is still significant and positively correlated with demand for heat pumps, the consumption 
for gas is still negatively correlated and statistically significant, the elasticity of demand for heat pump 
sales with respect to the electricity price is -0.4 but the effect is not significant, the expenditure is 
positively correlated with heat pumps sales and statistically significant, only at the 95% significance 
level, the emissions are negatively correlated but not statistically significant and the heating degree 
days have changed sign and are positively correlated with heat pump sales but not significant. Heat 
pump sales in all countries except for Switzerland and the UK are higher than heat pump sales in 
Austria but not statistically significant. The three policies have similar sign and size as in specification 
(7) but the effect of legislative policies is not significant. The time trend has a positive effect on heat 
pump sales and it is statistically significant. Time could be associated with the diffusion effect with 
respect to heat pump adoption by households. As the technology improves with time and becomes 
more reliable and cost-effective and consumers have higher chances to know people with heat pumps, 
from whom they can be influenced, the number of heat pump sales increases with time.  
Specification (9) tests the effect the three policy dummies have on heat pump sales in each country. 
The results showed that the effect of all policies on the demand for heat pumps is positive. Fiscal and 
legislative policies are statistically significant while informative are not. All countries have higher heat 
pump sales than Austria except for the United Kingdom. 
Specification (10) tests the effect of each type of fiscal and legislative policies on each country. This is 
done by interacting the country dummy variable with the fiscal and the legislative dummy variables. 
Informative policy dummy is not estimable with the fixed effect model for three (France, Sweden and 
United Kingdom) out of the seven countries. This happens because for these countries the informative 
policy dummy does not change with time and thus the interaction between the country dummy and 
the informative policy dummy will not be included in this model. 
The effect of the price of gas is positive and statistically significant, while the effect of the electricity 
price is negative and not significant. The effect of the gas consumption share is negatively correlated 
with demand for heat pumps and statistically significant.  
Finland and Switzerland have higher heat pump sales than Austria while France, Germany, Sweden 
and the UK have fewer sales. The results show that the average effect of all three policies 
(financial/fiscal, informative and legislative) is positive and has a statistically significant effect on heat 
pump sales across the sample of countries. Specifically, the total effect of the financial/fiscal policy 
(which is the effect of the policy and the effect of the interaction between each country and the policy) 
results in higher heat pump sales in all countries relative to Austria, except for Switzerland for which 
fiscal policies result in fewer sales than they do in Austria. For Switzerland, the total effect of fiscal 
policy is zero. Fiscal policies are statistically significant for all countries. Legislative policies resulted in 
higher demand for heat pumps than Austria in all countries except for Switzerland. Legislative polices 
were statistically significant for Finland and Switzerland. 
Specification (11) tests the effect of the price of gas on heat pump sales in each country, because it is 
statistically significant and it would be insightful to test the effect on the demand for heat pumps in 
each country separately. In order to obtain this result, an interaction term is added to the basic fixed 
effects model. In this model, the elasticity of the demand for heat pumps with respect to the electricity 
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price is -1.1%. The electricity price is statistically significant. The natural gas share is negatively 
correlated with the demand for heat pumps and it also statistically significant. The expenditure is 
positively correlated with heat pump sales, but it is not significant. All three policies result in an 
increase in the demand for heat pumps, with fiscal and legislative measures being statistically 
significant. The price of gas resulted in higher demand for heat pumps in all countries in relation to 
the demand in Austria. The highest difference in heat pump sales, with respect to gas prices, is 
between the UK and Austria, the UK has 9.3 % higher heat pump sales than Austria and Germany the 
second highest difference, 3.9%. Heat pump sales in all other countries with respect to gas prices, are 
between 0.9% and 4 % higher than sales in Austria. 
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Table 7.3a: Results from the fixed effect model` 
Parameters (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) 
Constant  10.7 -78*** -
74.5*** 
20.2** -
118.6**
* 
-
119.8**
* 
-77*** 22.9** -1.7 -52.5**       -80*** 
 
(10.4) (23) (21.6) (9.6) (22.6) (22.6) (21.3) (9.2) (28) (20.5) (18.9) 
Hholds 3.6*** 13.5*** 13.5*** 3.3*** 18.7*** 18.5*** 5.6*** 0.4 -0.4  10.1**   14.1*** 
 
(0.7) (2.1) (2.1) (0.7) (2.3) (2.4) (0.9) (0.3) (1.8)    (2.3)     (2.0) 
Pgas 0.9*** 1.9*** 1.9*** 0.9*** 1.7*** 1.7*** 1.8*** 0.9*** 1.2*** 1.8*** -0.7 
 
(0.5) (0.4) (0.3) (0.3) (0.3) (0.3) (0.3) (0.2) (0.3) (0.3) (0.5) 
Pel 0.2 -0.4 -0.4 0.5 0.03 -0.04 -0.6 -0.05 -0.4 -0.1 -1.1** 
 
(0.5) (0.5) (0.4) 0.4 (0.4) (0.4) (0.4) (0.3) (0.4) (0.4) (0.4) 
Gasshare 
   
-0.3** -0.3*** -0.3*** -0.3*** -0.4*** -0.2** -0.2*** -0.2*** 
    
(0.1) (0.07) (0.07) (0.07) (0.09) (0.07)     (0.1)   (0.1) 
Exp -1.4** -0.4 -0.4 -1.2*** 0.4 0.6 0.5 -0.3 1.3** -   0.9   0.9 
 
(0.5) (0.7) (0.6) (0.3) (0.7) (0.7) (0.6) (0.4) (0.6)    (0.6)   (0.5) 
HDD -1.5** -0.5 -0.5 -2.7*** -0.4 -0.03 -0.6 -2.3** 0.07     -0.2  - 0.1 
 
(0.6) (1.1) (0.9) (0.6) (0.9) (0.9) (0.9) (0.6) (0.9) (0.8)   (0.7) 
Emiss -0.9*** -0.7*** -0.7*** -0.9*** -0.6*** -0.6*** -0.5*** -0.3** -0.1 -0.4*** -0.7*** 
 
(0.1) (0.2) (0.1) (0.1) (0.1) (0.2) (0.1) (0.1) (0.2) (0.1) (0.1) 
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Table 7.3a (continued) 
Parameters (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) 
Policy 
     
0.3 
    
 
      
(0.2) 
    
 
Fisc 
      
0.8*** 1.4*** 0.7*** -0.7*** 0.8*** 
       
(0.2) (0.3) (0.2) (0.2) (0.1) 
Inf 
      
-0.5** -0.6** -0.6*** 0.8***     0.3 
       
(0.2) (0.2) (0.2) (0.2) (0.2) 
Leg 
      
0.8*** 0.7** 0.4* 1.8*** 0.5*** 
       
(0.2) (0.2) (0.2) (0.4) (0.1) 
Trend 
       
0.05** 0.1*** 
 
 
        
(0.01) (0.03) 
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Table 7.3b: Results from the fixed effect model` 
Parameters (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) 
Austria 
  
Base Base Base Base 
  
Base Base Base 
Finland 
  
3.4*** 3.4*** 3.4*** 3.2*** 3*** 
 
0.6 2.1*** -0.7*** 
   
(0.7) (0.8) (0.6) (0.7) (0.6) 
 
(0.7) (0.6) (2.0) 
France 
  
-7.7*** -
12.4*** 
-
12.4*** 
-
12.3*** 
-7.9*** 
 
3.1 2.9*** -
25.7*** 
   
(1.9) (2.3) (2.2) (2.2) (2) 
 
(0.3) (0.9) (3.5) 
Germany 
  
-9.5*** -
15.7*** 
-
15.7*** 
-
15.5*** 
-
10.2*** 
 
2.3 2.4** -27*** 
   
(2.3) (3.1) (2.7) (2.8) (2.6) 
 
(3.9) (0.9) (3.7) 
Sweden 
  
-1.9** -2.9*** -2.9*** -2.9*** -1.9*** 
 
0.3 -0.8 -7.8** 
   
(0.6) (1.3) (0.6) (0.6) (0.6) 
 
(0.9) (0.6) (3.0) 
Switzerland 
  
0.9** 0.8 0.7 0.6 0.4 
 
-0.4 2.7*** -4.5** 
   
(0.4) (0.6)* (0.4) (0.4) (0.4) 
 
(0.4) (0.6) (1.9) 
United 
Kingdom 
  
-
10.9*** 
-
15.7*** 
-
15.7*** 
-
15.5*** 
-
10.8*** 
 
-0.7 -2.8***  -49*** 
   
(2.1) (2.5) (2.4) (2.4) (2.2) 
 
(3.2) (0.7) (3.7) 
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Table 7.3b (continued) 
Parameters (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) 
Finland*Pgas           2.1*** 
           (0.5) 
France*Pgas           4.0*** 
           (0.7) 
Germany*Pgas           3.9*** 
           (0.6) 
Sweden*Pgas           1.2* 
           (0.7) 
Switzerland*P
gas 
          0.9* 
           (0.4) 
UK*Pgas           9.3*** 
           (0.7) 
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Table 7.3c: Results from the fixed effect model 
Parameters (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) 
Finland*Fisc          2.3***  
          (0.3)  
France*Fisc          1.0**  
          (0.5)  
Germany*Fisc          2.1***  
          (0.4)  
Sweden*Fisc          1.5***  
          (0.3)  
Switzerland*Fi
sc 
         0.8**  
          (0.3)  
UK*Fisc          5.1**  
          (0.6)  
Finland*Leg          -1.4**  
          (0.5)  
France*Leg          -0.4  
          (0.5)  
Germany*Leg          -0.6  
          (0.5)  
Switzerland*Leg          -1.6**  
          (0.5)  
UK*Leg          -0.1  
          (0.7)  
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In order to obtain results for the clear effect of fiscal policies, legislative policies and the natural gas 
price on the demand for heat pumps in each country, the marginal effect (dy/dx) is estimated for 
specifications 10 and 11 respectively. The results are shown in Table 7.4. 
 
Table 7.4: Marginal effect of policies and gas price on the demand of heat pumps 
Policy type/country Marginal effect (dy/dx) Significance 
Financial/fiscal policy   
Austria -0.7 *** 
Finland 1.8 *** 
France 0.02  
Germany 0.9 ** 
Sweden   
Switzerland 0.1  
United Kingdom 4.7 *** 
Legislative policy    
Austria 1.8 *** 
Finland 0.6 ** 
France 1.6 *** 
Germany 1.1 *** 
Sweden   
Switzerland -0.1  
United Kingdom 1.3 ** 
Gas price   
Austria -0.7  
Finland 1.4 *** 
France 3.3 *** 
Germany 3.2 *** 
Sweden 0.6  
Switzerland 0.3  
United Kingdom 8.7 *** 
Note: Significance levels: 1% (***), 5% (**), 10% (*) 
Table 7.4 shows the change in heat pump sales with respect to fiscal and legislative policies and the 
gas price and their significance, for each country. The introduction of a financial/fiscal measure 
increases the demand for heat pumps by 1.8% in Finland, by 0.02% in France, by 0.9% in Germany, 
0.1% in Switzerland and by 4.7% in the United Kingdom while sales decrease by 0.7% in Austria. The 
introduction of a legislative measure increases heat pump sales in Austria by 1.8%, in Finland by 0.6%, 
in France by 1.6%, in Germany by 1.1%, in the United Kingdom by 1.3% and decreases sales in 
Switzerland by 0.1%. Both policies are statistically significant for Austria, Finland, Germany and the 
United Kingdom. Legislative policies are significant for France while neither policy is significant for 
Switzerland. 
When the gas price increases by 1%, demand for heat pumps increased in Finland by 1.4%, in France 
by 3.3%, in Germany by 3.2%, in Sweden by 0.6%, in Switzerland by 0.3% and in the UK by 8.7%., 
demand decreases in Austria by 0.7%. The gas price is statistically significant, in explaining the demand 
for heat pumps, in Finland, in France, in Germany and in the United Kingdom but not in Sweden and 
in Switzerland. 
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7.8.2 Results from statistical tests  
A number of statistical tests have been implemented in order to test for heteroscedasticity, serial 
correlation and the overall significance of the model.  
The first test we apply is the F-test for the overall significance of the model. The overall significance of 
the model was tested at all three significance levels 90%, 95% and 99%. The results are shown in table 
7.5. 
 
Table 7.5: F-test results for the overall significance of the model 
Significance level F- test Critical value Reject null 
hypothesis 
90% 11.2 2.7 Yes 
95% 11.2 3.9 Yes 
99% 11.2 11.1 Yes 
 
As Table 7.5 shows we can reject the null hypothesis that the model is not statistically significant at all 
three levels. 
The second test is for heteroscedasticity. The Breusch-Pagan test is applied, and the probability is 5%. 
This result is marginal and thus the conclusion is not clear. Therefore, the White test is applied as well. 
The probability value is 0, which is lower than 5% so the null hypothesis of homoscedasticity is 
rejected. Heteroscedasticity is corrected in the model with robust standard errors. 
 
The Ramsey test for omitted variables is applied. The probability value is 0.000 < 5%, thus the null 
hypothesis that there are no omitted variables in the model is rejected. The same test was applied for 
the augmented model with squared variables and the result was the same. 
The F-test for joint significance of the fiscal, informative and legislative policies was applied. The joint 
significance of the three policies was tested at all three significance levels 90%, 95% and 99%. The 
results are shown in Table 7.6. 
 
Table 7.6: F-test results for the joint significance of fiscal, informative and legislative policies 
Significance level F- test Critical value Reject null 
hypothesis 
90% 31.25 2.7 Yes 
95% 31.25 3.9 Yes 
99% 31.25 11.8 Yes 
 
As Table 7.6 shows we can reject the null hypothesis that there is no joint statistical significance of the 
three policy (fiscal, informative, legislative) variables in the model at all three levels significance levels. 
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7.9 Discussion  
The results here agree with the findings from the literature review (Chapter 5). The running cost of 
heat pumps (and generally of heating systems) was identified as a barrier for households. Here the 
running cost of heat pumps is described by the electricity price while the running cost of the main 
competitive heating systems, the gas boiler, is described by the price for natural gas. Results about 
the effect of natural gas and electricity prices on heat pump sales show that consumers’ demand for 
heat pumps would increase when the running cost of the main competitive alternative increases, i.e. 
when gas prices increase. This seems to be the case across all countries. Conversely, demand would 
decrease when the running cost of a heat pump increase. The effect of natural gas price is stronger 
than that of the electricity price. This could be associated with the fact that consumers who consider 
adopting a heat pump might wish to avoid high gas prices, or regard other factors, like environmental 
performance and cleaner indoors air, as more important than the running cost, in their choice for 
heating system.  
The natural gas share is the second variable that has a negative and statistically significant impact on 
heat pump sales, consistently across all models’ specifications. As it represents the penetration of 
natural gas in the residential sector, it shows that it is difficult and it takes time for households to 
move away from long standing practices, like having a gas-based system, and to adopt a low carbon 
alternative like heat pumps. The negative effect of gas penetration also reflects the barriers from the 
tenancy type of dwellings. Households who rent a dwelling, have limited capacity regarding choosing 
a heating system. This is due to three main reasons: tenants are not allowed, by the landlord to change 
the existing system, they are restricted by the dwelling’s energy arrangements or they are not 
prepared to invest in a heating system because they will not stay long enough in a rented property in 
order to benefit fully from its use and its return. Having a high natural gas consumption in the 
residential sector limits the chances of choosing a heat pump which is shown in the model by the 
negative and significant impact of the gas share variable on the demand for heat pumps. 
The number of households is consistently positive and statistically significant. The more households 
in a country every year, the higher the chances that demand for heat pumps increases and thus heat 
pump sales increase.  
The effect of consumer expenditure is not clear in terms of the sign and the significance. In some 
model specifications, it is positively correlated with heat pump sales while in others it is negatively 
correlated. It can also be both statistically significant and not significant, though in most specifications 
(eight out of eleven) the expenditure coefficient is not significant. The lack of consistency can be 
related to the fact that households’ heterogeneity with respect to age, education, personal values, 
dwelling type etc. is not captured in the model.  
Heating degree days have a negative and significant effect on heat pump sales. As heating degree days 
serve in the model as a proxy for energy consumption for space heating, when HDD increase energy 
consumption increases and consequently the running cost of heat pumps is high which has a negative 
correlation with consumer demand. An additional explanation for the negative sign of the HDD 
coefficient could be related to a technical limitation of heat pumps related to their not being very 
efficient in very cold climates. Thus, they need more energy to heat an indoor space, and this will 
increase their running cost which in turns will have a negative effect on heat pump sales, consistent 
with the negative effect of the electricity price, on heat pump sales. In a dynamic model which could 
also capture more efficient dwellings with better insulation where there will be less heat loss, heating 
degree days might not be as significant a variable as it is in the model here which refers to the existing 
highly energy inefficient building stock.  
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The three different policy incentives have an overall significant impact on the demand for heat pumps, 
differentiated by country. Financial/fiscal and legislative policies have the strongest effect and they 
are always positively correlated with heat pump sales. The different effect on each country is insightful 
regarding consumers response to innovative technologies. Financial/fiscal policies are statistically 
significant for Austria, Finland, Germany and the United Kingdom while they are not significant and 
have a very small effect on heat pump sales, in Switzerland. This is coherent with policy review studies 
(Kiss et al., 2012; Rognon, 2006) according to which capital cost subsidies have not increased demand 
and heat pump sales in Switzerland which took off in the absence of fiscal incentives. Legislative 
policies have a significant and positive effect on heat pump sales in all countries except in Switzerland. 
The fact that consumers in different countries respond differently to the same type of policies might 
be associated with cultural differences, values and norms across countries. As was shown in the 
literature review in chapter 5, the same factors affected households’ choice for heating systems in a 
different way. Another element that should be highlighted here is that the explanatory power of the 
policy incentives is reduced by the missing variables. This is mainly the case for the financial/fiscal 
policies because the capital cost of heat pumps and that of the main competitive alternative, the gas 
boilers, is not included in the model specification due to lack of data. The F-test that was applied for 
the joint significance of all three policies, showed that implementation of fiscal, informative and 
legislative policies together was statistically significant. The results from the econometric model give 
solid evidence and agree with the policy review (Chapter 4) and the descriptive statistics which show 
that the countries with the highest number of heat pumps, like Norway, Sweden and Finland, had 
implemented a large number of all types of policies to target different barriers with regard to 
consumer demand for heat pumps.  
What needs to be considered though is the viability of the implementation of these policies in the long 
term. Policy incentives and especially financial/fiscal measures represent a significant public 
expenditure. Fiscal incentives could be implemented until the market takes off and gradually, they can 
start being reduced. This could be helped if the capital and running costs of heat pumps fall due to 
economies of scale, better connected supply chains, lower electricity prices and improved energy 
efficiency in buildings. Legislative policies that set the regulations for improved energy efficiency 
standards in buildings, could be implemented on a more permanent basis as once they are set it will 
not be necessary to dedicate additional and continuous resources in order to implement them and 
keep them in effect. Informative measures require trained advisors and certified centres that can 
provide households with information about their energy consumption and potential efficiency 
improvements for their dwelling as well as identify the most cost-effective renewable heating 
technology. These advisory centres, which also represent a public expenditure, need not cover every 
neighbourhood.  
The time trend in the model is statistically significant and has a positive impact on heat pump sales. 
According to the diffusion theory, not all adopters are early adopters. There are also laggards, 
adopters for whom it takes longer to switch to an innovative system either because they are not well 
informed, they wait for the technology to improve in order to be as certain as possible about the 
technical performance of the system, or they try to find a way to finance a capital intensive investment 
like heat pumps. Following Rogers diffusion of innovation theory curve, the time trend will have a 
significant positive impact on heat pump sales until the point of the late majority, “at which consumers 
who can be classified  as the late majority enter the market” figure 7.1.  
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Figure 7.1: Diffusion of innovation theory curve (Rogers, 1995) 
As the curve moves towards the laggards, the explanatory power of the time trend will start to decline 
once laggards enter the market. The effect of the time trend could be linked to the supportive policy 
instruments. For the period of time in which the policy measures are in effect, the number of heat 
pumps adopters could grow but when the supportive measures cease, the rate of heat pump sales 
adoption will fall and thus the time trend effect might not be as significant as before.  
The model suffers from omitted variables bias. The evident variable that should be in the model to 
explain demand for heat pumps, is the capital cost of heat pumps and other heating system 
alternatives. Given the fact that data on the price (average since the price of a heating system depends 
on its size, manufacturer etc.) of heating systems in the market are not publicly available, one way to 
account of this would be to use a proxy variable. A proxy variable could be the amount of money 
households spend every year on buying heating equipment for their dwellings. Given that such data 
are not published either, a capital cost proxy variable was not included in the model. Supply chain 
support is also not covered in the model due to lack of data and a suitable proxy could not be 
identified. 
A lagged dependent variable can be used as an explanatory variable, in order to control for the factors 
that had an impact on consumer demand for heat pumps at each previous year. This implies that the 
sales of heat pumps for year t depend on the sales of heat pumps for year t-1. The limitation of this 
option is that some observations will be dropped and given the fact that the sample is not very large, 
losing observations could affect the efficiency and consistency of the coefficients.  
7.10 Conclusions 
In this chapter, consumer demand for heat pumps was estimated by using panel data analysis for 
seven countries. The econometric analysis gave strong evidence that the elasticity of demand with 
respect to the natural gas price is positive while with respect to the electricity price it is negative. Gas 
penetration in the energy system for the residential sector is strongly and negatively correlated with 
the demand for heat pumps across the panel of countries.    
Demand for heat pumps can be strengthened through supportive policy measures that overcome 
financial, administrative and institutional barriers, though the impact of each type of policy can be 
different amongst countries reflecting different sociodemographic and macroeconomic 
characteristics in each country, as well as different personal values. Results regarding the effectiveness 
of different policy measures could inform policy making in the UK, which has the weakest heat pump 
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market and the least comprehensive policy landscape in comparison to all other seven countries 
(including Norway).  
As the capital cost for heat pumps and for other widely used systems, like gas boilers, is missing from 
the demand function estimated here, it is not clear what is more important for consumers when they 
make a choice for heating system, the capital investment or the long term running cost associated 
with each heating alternative.   
Potential endogeneity in the model between missing variables and the explanatory variables in the 
model could constitute an extension for further research. Exploring the role of informative policies on 
the demand for heat pumps in each country could be done by using pooled OLS or random effects 
methods.   
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CHAPTER EIGHT: TECHNO-ECONOMIC MODEL OF THE EXISTING 
HOUSING STOCK IN ENGLAND AND WALES  
8.1 Introduction 
In the previous chapter (Chapter 7), the top-down econometric analysis of consumer demand for heat 
pumps in Austria, Finland, France, Germany, Norway, Switzerland, Sweden and the UK revealed a 
positive relationship between heat pump sales and natural gas price and a negative relationship 
between heat pump sales and electricity prices as well as natural gas share in the energy mix. A 
positive effect on heat pump sales was always observed for supportive policies, with financial/ fiscal 
policies (mainly subsidies on the capital cost) and informative policies seen to have the greatest impact 
on heat pump sales.  
As shown in Chapter 3, the heat pump market in the UK is smaller and more recent compared to those 
in the other countries included in the econometric analysis. In order to analyse and evaluate the 
suitability of heat pumps for the UK residential sector, and the conditions that could facilitate heat 
pump adoption, a bottom-up techno-economic model has been designed and will be presented here. 
Specifically, the role of two economic incentives will be tested in this model: an incentive similar to 
the Renewable Heat Incentive (RHI) currently in force in the UK which subsidises the running cost of 
heat pumps; and a subsidy on the capital cost of heat pumps. The capital cost subsidy which was 
identified in Chapter 7 as a key driver of heat pump up take is not part of the UK policy landscape.  
It is important to establish firstly whether and to what degree heat pump adoption makes economic 
sense for the UK within the context of the ambition to tackle climate change. In order to answer this 
question, the model will take initially a normative approach. The normative perspective takes the 
social utility approach that shows what needs to happen in order for consumers to adopt heat pumps 
so that the society would benefit as a whole. By applying the Treasury discount rate18 the model will 
show if and under which factors (energy prices, efficiency of heat pumps, carbon intensity of 
electricity, carbon prices) households should adopt heat pumps. If the modelling exercise under the 
normative perspective shows that the adoption of heat pumps is socially beneficial, this outcome 
should influence the government’s strategy on whether to promote mass deployment of heat pumps 
in the residential sector.  
Once this is established, the model will move to the positive perspective which will identify which 
economic incentives, notably financial/fiscal policy measures would be more efficient in encouraging 
consumers to act in alignment with the socially optimal outcomes from the normative perspective.  
Policy measures will not be included in the model under the normative perspective because it 
evaluates the need and potential benefits from investing in the adoption of heat pumps (or generally 
in a project) from a societal perspective. Thus, it only includes resource costs and externalities and 
omits deliberately everything else. The bottom-up model will identify the consequences and the trade-
offs from taking these two different approaches vis-à-vis: 
 
1. The demand side of the market for heat pumps depending on each theoretical approach: 
normative and positive. 
 
18 HM Treasury uses a rate to value the social time preference of society. It is used in cost-benefit analysis and 
policy appraisal for social projects. The rate was reviewed in 2003 and it was revalued from 6% to 3.5% (HM 
Treasury, 2018). 
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2. The amount of money (i.e. the sum of money spent on subsidies), the government would have 
to spend to encourage heat pump uptake. 
3. The effectiveness of different policies, e.g. a subsidy on the running cost of competing 
technologies (which is active currently in the UK) or a subsidy on the capital cost, as it is the 
case in the rest of the countries studied using the top-down model.  
4. The supply of the market with different fuels.  
 
 
By modelling technology uptake under the normative and the positive perspectives, the research 
addresses questions about both the level of heat pump uptake that would maximise the social utility 
at a national level and the policies that are needed to drive a mass deployment of heat pumps in the 
UK.  
The structure of this chapter is as follows: Section 8.2 will describe the development of the model and 
will give an overview of: the reasons behind the design, the general structure and the different 
elements (modules) with input data and the outcomes; Section 8.3 will describe the housing stock 
data in the model; Section 8.4 will present the technical assumptions such as efficiency and investment 
costs of the various heating systems used in the housing stock; Section 8.5 will describe the scenario 
assumptions used to test consumer behaviour regarding heat pump adoption; Section 8.6 will present 
the performance of the model with respect to the base condition of the housing stock and by 
conducting  a sensitivity analysis of the variables in order to identify key scenario assumptions; Section 
8.7 will describe the model under the normative perspective and discuss the results; Section 8.8 will 
describe the model under the positive perspective and discuss the results; and section 8.9 will 
conclude and discuss the overall findings.  
 
8.2 Development and overview of the model   
8.2.1 Scope and theory underpinning the techno-economic model 
In the buildings sector, bottom-up models are used to calculate energy demand and/or supply based 
on technology change, policy implementation, and macroeconomic factors such as energy prices and 
discount rates, and to predict energy performance under certain assumptions such as: energy 
efficiency measures; emissions reduction policies; and physical and climatic characteristics. Such 
models have also been used to identify the most cost-effective heating option by comparing various 
heating systems alternatives within a framework of carbon reduction targets (Rivers and Jaccard, 
2005).  
 
The bottom-up model being developed in this thesis is a heating system cost model. The basis of this 
model is the micro-economic cost minimisation of heating systems. It disaggregates the residential 
housing stock and it looks at all different types of dwellings. Like every bottom-up model in the 
buildings sector, this model is based on the assumption that the background economic structure will 
not change. Instead it monitors the role of technological change in the substitution of technologies 
that meet energy demand for end-uses (space and water heating, cooking, lighting etc.) and CO2 
emissions savings (Lӧschel, 2002). The underlying assumption is that households will replace their 
heating systems when they reach the end of their lifetime with a new system which can either be of 
the same technological principle as the incumbent one or an alternative, with the user deciding based 
on the relative costs of meeting their heating needs. This model looks only at the demand side of the 
market.  
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The geographical scope of the heating system cost model was chosen to be the entirety of the existing housing 
stock in England and Wales19. The techno-economic model here is a static model of the existing housing stock 
and does not include new buildings that will have been added to the housing stock by 2030. The performance 
of heat pumps in new buildings, which are more efficient than the old stock and thus have a lower energy 
consumption for space heating, is better and this could make them more attractive as a heating choice to 
households. In addition, the government has a policy of no gas in new buildings from 2024 onwards (GOV, 
2019c). A dynamic model that includes new buildings could be the subject of further research. 
All buildings of the housing stock in the model are of different efficiency levels, as implied by different U-values 
given in the Cambridge House Model In terms of the housing stock, due to time constraints, constraints imposed 
by the overall ambition to link top-down and bottom-up modelling approaches, buildings with future efficiency 
improvements have not been included in the technoeconomic model. The essence of this research was to step 
from a panel econometric model to a bottom-up model for one country with a very slow and low heat pump 
uptake.  
The model in this thesis will calculate the most cost-effective technology that can meet the existing 
energy demand for space and water heating of a dwelling under certain assumptions and scenarios 
such as policies, capital costs for heating systems and energy prices (Lӧschel, 2002). Unlike the 
econometrics top-down model which looks at a number of socioeconomic factors that affect demand 
for heat pumps, the bottom-up model developed for this research assumes that individual households 
are economically rational agents and as such they make the least costly choice. The model will 
calculate the purchased energy associated with each heating alternative and the final installation cost 
of each heating alternative in order to generate the same amount of useful heat with the heating 
system currently used in each dwelling, i.e. households do not undertake any other energy 
investments in parallel in order to reduce the useful heat required. It is assumed that the current 
heating system is retired and that households choose the lowest cost alternative. This assumption 
captures the actual consumer decision making in heating choices. The lowest cost alternative could 
include a new version of the current heating system type. The model aggregates the segments of the 
market that could be served by each competing technology and by the respective fuel. The 
aggregation of the results will give the picture of technology adoption for the existing stock in England 
and Wales.  
 
Techno-economic models can be either static or dynamic. The former looks at the state of the housing 
stock at specific points of time while the latter looks at the various changes that happen within a 
period of time. In this thesis the model has a static character that compares the housing stock at two 
different states. The first state is the starting point which is the year 2011 and the second state is the 
final point, assumed to be the year 2030. The main reason behind this choice is the fact that 
households do not typically change appliances in general and heating systems in particular, before the 
end of their lifetime. The 2011 starting point has been chosen because the condition of the housing 
stock in England has been documented and thus a detailed data set is available. The year 2030 has 
been chosen as the end of the period where energy transition and significant emissions reduction in 
all sectors of the economy must be at a good stage. Therefore, the basic assumption is that between 
2011 and 2030 all heating systems in the existing housing stock will have reached their lifetime and 
thus they will need replacing.  
 
The replacement option describes the possibilities for households to replace their current heating 
system with a new one (which could either be the same, e.g. replacing an old gas boiler with a new 
gas boiler or a different one, e.g. replacing a gas boiler with a heat pump) before or after the heating 
system reaches the end of its lifetime. Consumers usually replace durable goods such as heating 
systems, only when they break down and cannot function any longer and especially based on the 
assumption that a household would not replace a heating system before the end of its lifetime with a 
 
19 Relevant information on the housing stock for Scotland and Northern Ireland was not available.  
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significantly more expensive alternative such as heat pumps. Replacement demand for consumers’ 
durable goods can be postponed rather than precipitated due to the fact that rational consumers have 
to consider a number of things, before deciding to replace a durable good which still works with a new 
one, namely technology improvement in the future, price trends, return rate from undertaking a costly 
investment, performance of the new good in comparison to the old one etc. (McGee and Channon, 
2014; George, 1939).  
 
In order to identify the most cost-effective space heating solution with the heating system cost model 
in this thesis, sufficiently detailed data on the English and Welsh housing stock are required. There are 
a number of building physics energy use models for UK, which have documented and used relevant 
information in order to model energy consumption and CO2 emissions, for instance, the Building 
Research Establishment’s Housing Model for Energy Studies (BREHOMES), the Johnston model, the 
UK Carbon Domestic Model (ULDCM), the Decarb model and the Community Domestic Energy Model 
(CDEM) and the Cambridge Housing Model (Shorrock and Dunster, 1997; Kavgic et al., 2010). All these 
models are based on data from the English Housing Survey, or surveys for Wales, Scotland and 
Northern Ireland, market research survey data (which are not publicly available), the Office for 
National Statistics, the Family Expenditure Survey and the Market Transformation Programme (Kavgic 
et al., 2010). While the level of disaggregation differs amongst these six models, they all use the same 
parameters which allow them to group representative dwellings. These parameters include age band, 
dwelling type and thermal characteristics. The first five models suffer from lack of transparency 
because neither their data base nor their algorithms are publicly accessible. The data used in the 
calculations in the Cambridge Housing Model on the other hand are publicly available. The access issue 
along with the fact that the structure can be easily followed and the detail level for the disaggregation 
of the housing stock is better than that in four of the other models, determined the choice for using it 
as a data base for the model in this thesis.   
 
While a bottom-up model can capture the heterogeneity of the housing stock, it has the limitation of 
not being able to capture the heterogeneity of households and individuals in terms of socio-economic 
characteristics (education level, income, age, values, access to information etc.). This heterogeneity 
could explain why some households might not necessarily adopt the least costly heating alternative 
immediately because not all economic agents respond in the same way to exogenous factors like price 
decrease (Henkel, 2011). Amongst these reasons, identified in Chapter 5, are the lack of trust that 
consumers show to a new technology in the market, not having access to heat pump installers and 
their after sale services, not willing to take time in order to get familiar with a new technology and to 
identify a suitable system for their dwelling, being averse to anything new and innovative and feeling 
attached to traditional, old-fashioned ways of living, being influenced by their close entourage, not 
getting early information about changes in market products (Henkel, 2011). Penetration of 
technologies here is therefore modelled based on cost and performance characteristics (Lӧschel, 
2002), whilst acknowledging a richer set of factors will affect individual decisions. 
 
The bottom-up model in this thesis is a simple, transparent model that that accounts for different 
types of houses, heating systems and policy interventions, unlike other technoeconomic models which 
are not publicly available, e.g. the BEIS model which is characterised by high aggregation at the sector 
level or the TIMES model which cannot differentiate the impact of different policies but instead 
focuses on the carbon price.   
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8.2.2 Model design and structure  
The Cambridge and the Energy Saving Trust models are physical models which do not take into account 
the economics regarding choosing a heating system. The model in this thesis builds on these two 
physical models and adds the economics perspective.  
The structure of the model is shown in Figure 8.1. More detail about each of the elements is provided 
in Section 8.3.  
 
The house level module is the heart of the model. It has been constructed using MS Excel. It will 
identify the least cost alternative to provide homes with space and water heating. Various data 
sources and exogenous assumptions feed into the house level module. The main data source referring 
to the housing stock is the output of the Cambridge House Model20 (CHM), augmented by inferences 
about the size of the heating system associated with each dwelling type. The “Cambridge raw data” in 
Figure 8.1 refers to the data input to the CHM, which in turn derives from the English Housing Survey, 
plus the output of the CHM which comprises the annual energy demand by type of service (space 
heating, water heating, lighting etc.) for each dwelling type.  
 
The CHM output does not include information about the size of the heating systems. Heating system 
information is necessary for the model used here to identify the least cost option, given the fact that 
the capital cost of a heating system depends primarily on its size. The heating system sizing module 
element in Figure 8.1 calculates the heating system size. The “Cambridge model house characteristics” 
element in Figure 8.1 is an augmented version of the “Cambridge raw data” with the size of heating 
systems added.   
 
 
 
20 The Cambridge House Model was developed by Cambridge Energy for BIES (when it was still named DECC) to 
calculate energy consumption and CO2 emissions in the housing stock (Cambridge Energy, 2018).  
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Figure 8.1: schematic structure of the model 
 
 
In the structure of the model in Figure 8.1, there are also technical assumptions, feasibility 
assumptions and scenario assumptions that feed into the house level module. Technical assumptions 
(Section 8.4) refer to the cost and performance of the heating system options considered in the model. 
Feasibility assumptions refer to whether the installation of each heating alternative is feasible for each 
dwelling given the constraints implied by the current heating system. Scenario assumptions Section 
8.5) refer to macroeconomic energy indicators that can affect the cost of buying and running a heating 
system. These indicators include energy prices, carbon prices, subsidies, carbon intensity of electricity 
and discount rates. 
 
The full results element in Figure 8.1, represents the results that are generated when the model is run. 
The model produces results for each type of dwelling. Dwellings with the same characteristics (type, 
age, region, heating system used) are grouped under 14591 codes. The full results refer to: the type 
of heating system adopted by different dwellings; the amount of useful heat being generated by each 
different heating system; the energy cost that households bare in order to heat their homes; the 
amount of Purchased energy to dwellings; the amount of CO2 emissions generated by each different 
heating system; the capital investment that the purchase of each different heating system represents 
for households; the amount of money that fiscal policy measures represent for the Government. The 
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last stage is to summarize the information from the full results element and to present it for each fuel 
type and for each heating system.  
 
8.2.3 House level module  
The house-level model is the core module of the model. It will identify the most cost-effective heating 
system initially for one housing code. Equation 8.1 describes what the model does in the house level 
module: 
 
TC = FC + St.C + SC + AC + CC – RHI     (8.1) 
 
The description of the variables is shown in Table 8.1. 
 
 
Table 8.1: Description of variables in equation 8.1 
 
Variable Unit Definition  
TC = Total cost  
 
£/year The sum of all the costs associated with 
buying, running and maintaining a heating 
system  
FC = Fuel cost 
 
£/year The fuel cost for the heating systems = price of 
the fuel * kWh of fuel purchased. The fuel 
purchased is the useful heat divided by the 
efficiency of each system 
St.C = Standing charge 
 
£/year It is the fixed amount that households which 
use electricity, gas and heat have to pay as part 
of their energy bill 
SC = Service cost 
 
£/year It is the annual cost for maintaining the 
heating system  
AC = Annualized capital cost  
 
£/year The depreciation of the heating system 
investment subject to the interest rate, the 
lifetime and the level of investment  
CC = Carbon cost 
 
£/year A shadow carbon price (SCP) * CO2 emitted  
RHI = Renewable Heat Incentive  
 
£/year A financial incentive to promote renewable 
heating technologies (p/kWh * Purchased 
energy). In the UK RHI, it applies to systems 
that use electricity and biomass i.e. biomass 
boilers and heat pumps. 
 
 
𝐅𝐂 =  
𝐔𝐇 ×𝐅𝐏
𝐞𝐟𝐟
                                (8.2) 
 
Where eff is the efficiency of each heating system. Useful heat (UH) is the amount of heat a dwelling 
needs for space and water heating which can be generated by various heating systems using different 
fuels and FP is the fuel price. 
 
 
Annualized capital cost = Annualization factor * Subsidized capital cost          (8.3) 
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Subsidized capital cost = K * (1-S)             (8.4) 
 
Where K is the capital cost and S is the capital cost subsidy in %. 
 
Carbon Cost = 
𝐔𝐬𝐞𝐟𝐮𝐥 𝐇𝐞𝐚𝐭 
𝐞𝐟𝐟 
 * CI * Pc      (8.5) 
 
 
Where CI is the carbon intensity of the energy supplied and Pc is the carbon price. 
 
 
Combining equations (8.2), (8.3) and (8.5) equation (8.1) can be re-written as follows: 
 
TC = 
𝐔𝐬𝐞𝐟𝐮𝐥 𝐇𝐞𝐚𝐭
𝐞 
  * (Fuel Price + CI*Pc) + St.C + SC + K (1-S) * Annualization Factor – RHI (8.6) 
 
RHI = Useful heat * RHI /p/KWh (8.7) 
 
Combining equations (8.6) and (8.7) we have: 
 
TC = (Useful Heat * (
(𝐅𝐮𝐞𝐥 𝐏𝐫𝐢𝐜𝐞 + 𝐂𝐈∗𝐏𝐜) 
𝐞 
  - RHI)) + K (1-S) * Annualization Factor + St.C + SC   
(8.8) 
 
Equation (8.8) will calculate the total cost which will be borne by households.  
 
The first step of the model is to identify the most cost-effective heating system for housing code 1. 
Once this is achieved, the model will reproduce the calculations for the rest 14590 housing codes of 
the housing stock using macros. A screenshot of the core module is shown in Figure 8.2. 
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Figure 8.2:    Identification of least cost option in the house-level module
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The house level module selects the cheapest of the 15 alternative heating system options. The current 
system is presented in the heating system code labelled 16. Data referring to the current system are 
in the first two rows of the spreadsheet. Each alternative option is represented by a row indicated in 
column one. For each alternative heating system, the module identifies the efficiency, the purchased 
energy, the associated CO2 emissions and the fuel price derived from the scenario assumptions. The 
following columns refer to the economic aspects, including the energy cost, the imputed cost of 
carbon emissions, the standing charge and any RHI type payments. The next set of columns refers to 
the capital related cost of the heating systems including any capital subsidies and annual servicing 
costs. The final column of the table refers to the total heating system cost including capital 
depreciation which depends on the lifetime of the system and the discount rate.  The final row of the 
spreadsheet identifies the cheapest system. For heating systems that are identified as infeasible, the 
total energy cost has been set at an artificially high level to exclude them.      
 
8.3 Housing stock data 
The major source of housing stock data for England and Wales in the bottom-up model is the 
Cambridge Housing Model (CHM). This uses physical and demographic data for properties from the 
English Housing Survey and data on the thermal characteristics (ventilation, heat losses etc.) of the 
housing stock from the Government’s Standard Assessment Procedure (SAP 29)21 to estimate the 
annual energy consumption and CO2 emissions associated with different energy end uses: space and 
water heating, lighting, cooking and electrical appliances. The inputs and outputs of the CHM are 
based on 14,951 representative housing codes defined by the physical characteristics of dwellings and 
the type of heating system used. The CHM and the way that it is used is described in Section 8.3.1. 
The CHM does not estimate the size of the heating system required to meet annual energy needs. As 
this information is needed to estimate the cost of heating systems, the CHM has been supplemented 
by a module based on the Energy Saving Trust Domestic Heating Method (EST, 2010b) which estimates 
heating system size. This is described in Section 8.3.2. 
Section 8.3.3 describes an algorithm for estimating the size and number of modular heating units, e.g. 
electric storage radiators, which cannot meet all heating system needs. 
8.3.1 Cambridge Housing Model 
The CHM contains data about the fabric of the residential buildings, the region, the age, thermal 
characteristics, climate data and the heating system used in each dwelling. The 14,591 representative 
housing codes in the CHM are defined by: 
• the age of dwellings (Table 8.2); 
• the type of dwelling (detached, mid-terrace, flat, purpose built etc., Table 8.3); 
• the region of the UK (Table 8.4); and 
• the current heating system and its efficiency (Table 8.5). 
 
21 The Standard Assessment Procedure (SAP) is adopted by Government as the UK methodology for calculating 
the energy performance of dwellings (SAP, 2009). 
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Table 8.2: Age bands in the Cambridge Housing Model 
 
 
 
Table 8.3: Dwelling types in the Cambridge Housing Model 
Dwelling type code Dwelling type 
1 Detached 
2 Semi-detached 
3 Mid-terrace 
4 End-terrace 
5 Flat-purpose built 
6 Flat-converted 
7 Non-residential 
 
 
Table 8.4: Regional disaggregation in the Cambridge Housing Model 
Region code Region 
1 North East 
2 Yorkshire and The Humber 
3 North West  
4 East Midlands 
5 West Midlands 
6 South West 
7 East of England 
8 South East 
9 London 
 
  
Age code Age band 
1 Before 1919 
2 1919-1929 
3 1930-1949 
4 1950-1966 
5 1967-1975 
6 1976-1982 
7 1983-1990 
8 1991-1995 
9 1996-2022 
1 2023-2026 
11 2027 - 
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Table 8.5: Heating system types in the Cambridge Housing Model 
Heating system 
code 
Heating System  Fuel type Efficiency1 
(%) 
1 Gas Standard boiler  Natural gas 85 
2 Gas combi boiler Natural gas 84 
3 Gas back boiler Natural gas 80 
4 Oil standard boiler Oil 70 
5 Solid fuel boiler Coal and 
anthracite 
67 
6 Electric boiler Electricity 90 
7 Electric storage Electricity 80-100 
8 Electric room heater Electricity 66-100 
9 Warm air gas fired heaters Gas  
1 Warm air electric heaters Electricity  
11 Community district heating without 
combined heat and power 
Heat  75-89 
12 Community district heating with combined 
heat and power 
Heat 66-90 
13 Biomass boiler Wood pellets 70-80 
14 Air – source heat pump Electricity 3202 
15 Ground – source heat pump Electricity 3202 
 Notes: 1) efficiency used in CHM for current (incumbent) heating systems; 2) 320% corresponds to a 
seasonal performance factor (SPF) of 3.2. 
 
For each housing code, the output of the CHM includes: 
• the number of dwellings with the same characteristics;  
• the number of occupants and the number of children;  
• the number of floors and the area of each floor in m2. 
• thermal features such as heat loss parameters (U-values) and internal heat gains; 
• the construction of windows, walls and floors and the insulation type; 
• the thermal efficiency of the heating system;  
• energy consumption per dwelling; and   
• CO2 emissions per dwelling. 
 
The house level model described in Section 8.2.3 requires an estimate of useful heat required at a 
property in order to compare alternative heating systems with different efficiencies. This is computed 
from the CHM output as: 
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Useful Heat =  
𝐄𝐧𝐞𝐫𝐠𝐲 𝐂𝐨𝐧𝐬𝐮𝐦𝐩𝐭𝐢𝐨𝐧∗ 𝐞𝐟𝐟
𝟏𝟎𝟎
                (8.9) 
 
where eff is the efficiency of the current heating system in %. 
 
 8.3.2 The heating system sizing module 
The heating system cost model needs data on the size of the heating system in order to calculate the 
capital cost of different heating systems and hence to identify the least cost heating choice. The capital 
cost of each heating option depends primarily on its size (kW heat output) and on the manufacturer. 
For instance, two boilers of the same size can have different prices for various reasons, namely some 
extra features like automated functions that make a heating system more modern and easier to use 
(Freedom Heat Pumps, 2018). As the CHM output does not include heating system size, a heating 
system sizing module has been created.   
 This module constitutes a mini model which estimates the size of the heating system associated with 
each housing code. This mini model “oversizes” the heating systems allowing for electricity peak 
demand to be met. This is based on the Energy Saving Trust (EST) Domestic Heating Method (EST, 
2010b) which was developed in order to help heating installers estimate the required size of boilers 
or other heating systems.  The EST method was converted into a simple spreadsheet model based on 
data derived from the CHM. 
The EST method shown in Figure 8.3 is based on the following assumptions: internal temperature (in 
the UK a comfortable temperature is considered to be between 18 and 21oC (Public Health Report, 
2014; the ECI, 2005; The Green Age, 2018), external temperatures depending on location, heat losses 
to adjacent dwellings, floor heat losses, thermal  insulation level and ventilation rate (EST, 2010b). The 
EST calculation method is based primarily on the physical (e.g. exposed perimeter) and thermal 
characteristics (heat loss through windows, floors, doors, insulation type) of dwellings. Most of these 
data can be obtained from the Input to the CHM which in turn derives from the English Housing Survey. 
The spreadsheet model is shown in Annex 2. 
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Figure 8.3: Energy Saving Trust domestic heating system sizing guide (EST, 2010b) 
 
The Cambridge Housing Model and the EST take into account in their calculations detailed building 
physics elements such as heat flows. Capturing such elements is essential when modelling consumers’ 
heating system choices in residential buildings based on energy consumption and on the total cost of 
heating technologies.  
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8.3.3 Input to the heating system cost model 
One further step is required to prepare data for the heating system model. For all heating systems in 
the model, apart from the modular ones (electric storage, electric room and air electric heaters) one 
unit is sufficient to generate all of the required useful heat. Due to the fact that the modular 
alternatives come in small sizes, one unit would not be enough.  
The number of units for each modular system that are needed is based on a simple spreadsheet 
calculation that takes account of the maximum size of units available on the market. It is the heating 
system size, that was calculated in the heating system sizing model, and the amount of the useful heat 
needed.  
Once this final step is completed, both the heating system size and the number of required modular 
units are added to the CHM output. This output is then used as input to the heating system cost model.  
 
8.4 Technical assumptions: efficiency of buildings, performance and costs of heating systems 
Changes in the efficiency of buildings could be modelled by changing the U-values22 in the Cambridge 
model to reflect for energy efficiency improvements taking place in buildings. The work in this research 
assumes that efficiency in buildings has not improved between the starting point in 2011 and 2030. If 
such efficiency changes were to be taken this into consideration and be included in the techno-
economic model, this could be done by changing the U-values. 
 
The two technical assumptions in the model are related to the capital cost and the performance of 
the heating systems. The performance is described by the efficiency and the carbon intensity of the 
fuel used by the heating systems.  
 
8.4.1 Costs of heating systems   
The technical assumptions are input data related to techno-economic features of the various heating 
system choices available. Technical assumptions include: the efficiency, the lifetime, the fuel type and 
the service cost for each heating system as well as the coefficients from the equation used to calculate 
the capital cost for each heating system. The capital cost is estimated by assuming a linear relationship 
between costs and heating system size:  
 
 𝒚 = 𝒂𝒙 + 𝒃 
 
                                                                    𝑪𝒂𝒑𝑪𝒐𝒔𝒕 = (𝒂 × 𝑺𝒊𝒛𝒆) + 𝒃                  (8.10) 
 
Where 𝒚 is the price (£) and 𝒙 is the size of the heating system (kW) while 𝒂 and 𝒃 are the coefficients 
of the equation which are estimated by linearly regressing price/size data. These data were acquired 
following communication with manufacturers and installers of the heating systems and after market 
research on their products (the list of manufacturers and installers is given in Annex 1). The data are 
shown in Table 8.6. 
 
 
22 U-values express the rate of heat transfer through any element of a building, such as a wall, roof or window 
(Buildit, 2017).   
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The calculation of capital cost is done based on the size of each unit. Specifically, the steps followed 
to define the formulas for the capital cost are as follows. For each heating system, data regarding the 
size and the respective retail price were collected through communication with the industry (installers 
and manufacturers). The best-fit capital cost equations were given, based on these two variables (size-
price). The different estimates, that have been collected from the industry, regarding the price of each 
heating system based on the size, are shown in Table 8.6. Table 8.5 shows only the systems that are 
currently in the market and thus constitute potential heating system alternatives for households. Gas 
back boilers are not available in the market (Greenmatch, 2019c) and thus are not part of this 
calculation. Community district heating is also not part of this calculation because it does not 
constitute an actual choice for the household. The regression results, that have been used to estimate 
the coefficients based on data about the price and the size of the heating system, are shown in Table 
8.7.   
 
Table 8.6: Price (£) and size (kW) of heating systems obtained from manufacturers 
 
Heating 
system 
Heating system  Price (£) – size (KW) 
1 Gas standard boiler £1554 £1710 £1763 £2081 £2084 £2272 
12kW 15kW 18kW 28kW 30kW 35kW 
2 Gas -combi £1060 £1071 £1173 £2632 £2947  
26kW 30kW 32kW 33kW 38kW  
4 Oil standard boiler £1718 £1766 £1802 £1827 £1849 £2120 
18kW 21kW 25kW 26kW 33kW 36kW 
5 Solid boiler £1980 £2373 £2580    
13kW 18kW 23kW    
6 Electric boiler £474 £659 £617 £627 £830 £898 
4kW 6kW 7kW 10kW 11kW 12kW 
7 Electric storage £645  £708  £776  £830  £849  £870  
0.7kW 1kW 1.3kW 1.5kW 2.6kW 3.4kW 
8 Electric room heater £290  £360  £420    
0.8kW 14kW 17kW    
9 Warm air - gas fired heater £245 £380     
1.5kW 2.3kW     
10 Warm air - electric heater £40 £60 £90 £120 £166  
1kW 1kW 1.5kW 2kW 2kW  
13 Biomass boiler £3500  £4000  £6000  £7000  £7500 £8000  
7kW 8kW 15kW 18kW 20kW 23kW 
14 Air-source HP £5037 £5363 £5517 £6340 £6684  
5kW 9kW 9kW 12kW 16kW  
15 Ground-source HP £7840  £8520  £9300  £10210 £11230 £14500  
5kW 7kW 9kW 12kW 17kW 25W 
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Table 8.7: Coefficients for equations linking capital costs (𝑪𝒂𝒑𝑪𝒐𝒔𝒕) and size (𝑺𝒊𝒛𝒆) for heating 
systems 
 
Heating system R2 a b 
1 0.6 26.9 1216.4 
2 0.5  98.5                       -1218.5 
4 0.4 111.8                                 1439.4
5 0.6 112.9                            102.3     
6 0.7  28.3                                            433
7 0.4 117.8                      473.9 
8 0.9  7.2                       280.3    
9 1 168.8                  81.3 
10 0.5  78.6   164.5 
13 0.9  287                     1647.8 
14 0.9  189.2                3852 
15 0.9  303.3               6445 
Note: see Equation 8.10 
 
 
The level of the service cost for each heating system has been estimated following market research 
and communication with installers. Given the fact that there is a variety of types and models of heating 
systems, prices mainly for boilers and heat pumps vary and so does the service cost. Nevertheless, for 
practicality reasons and modelling purposes, the same assumption has been made regarding the 
service cost of all heating systems. An annual service cost of 15% of the capital cost, subject to a 
minimum, is assumed for all heating systems. The minimum annual service cost is assumed to be £80 
for gas, oil, solid and electric boilers, £90 for electric storage systems, £300 for biomass boilers and 
£210 for air-source and ground-source heat pumps. There is no service cost assumed for systems like 
electric heaters, warm air heaters because they do not have a technically complicated structure with 
moving parts that can be removed and serviced.  
 
The capital cost of heat pumps in the UK and in the other seven countries that are included in the 
econometric model, has not decreased for the past five years. As there is no evidence of falling costs 
recently, the conservative assumption has been made that the capital cost remains stable between 
2012 and 2030. However, in the case of assuming a lower cost in 2030, gradually falling costs can be 
included in a technoeconomic model. The static model in this thesis does not take into account future 
cost reductions. This could be the subject of further research. 
 
8.4.2 Performance of heating systems  
There is only one efficiency assumption for all new boilers (Greenmatch, 2019). Community district 
heating can achieve efficiencies as high as 80 and 90%. Efficiency wise heat pumps vary more than 
boilers or electric heaters and storage systems and thus there are two exogenous efficiency 
assumptions for heat pumps, in order to capture this variety. Currently in the market the lowest 
efficiency (SPF) for heat pumps is 300% and the highest is 400%. Two efficiency assumptions are made 
in the model for both types of heat pumps: a low and a high efficiency. Given the fact that ground-
source heat pumps are more efficient than air-source units by approximately 10% (Heat Difference, 
2018), the low efficiency assumption for the former is lower than that for the latter, i.e. 300% for air-
source and 350% for ground-source heat pumps (see Table 8.8). The high efficiency assumption is the 
same for both types, 400%, since currently the technology can reach 400% at maximum, assuming 
that by 2030 there will not be any further progress on that front.  
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The efficiency of all new heating systems in 2030 is assumed to be higher than that of the incumbent 
heating systems, Table 8.8. 
 
 
Table 8.8: Comparison of the efficiency between the incumbent (old) and the new heating system 
  
Heating system  Efficiency of the 
incumbent system (%) 
Efficiency of new heating 
systems (%) 
1 Gas standard boiler 85% 90% 
2 Gas -combi 84% 90% 
3 Gas back boiler 80% 90% 
4 Oil standard boiler 70% 90% 
5 Solid boiler  67% 90% 
6 Electric boiler 90% 90% 
7 Electric storage 80-100% 100% 
8 Electric room heater 66-100% 100% 
9 Warm air - gas fired heater 
 
85% 
10 Warm air - electric heater 
 
100% 
11 Community (district) heating 
without CHP (boiler) 
75-89% 90% 
12 Community (district) heating with 
CHP (boiler) 
66-90% 90% 
13 Biomass boiler 70-80% 90% 
14 Air-source HP 320% 300-400% 
15 Ground-source HP 320% 350-400% 
Note: 1) The efficiency of existing heating system is derived from the CHM; 2) Assumed efficiency of replacing 
heating systems  
 
 
The carbon intensity assumptions for the fuels used by all heating alternatives, except for heat pumps 
(the carbon intensity of electricity being a scenario and therefore varies and thus it will be presented 
in the scenarios section). Table 8.9 shows the carbon intensity for natural gas, oil and coal. Biomass is 
considered to have zero carbon dioxide emissions for the energy sector (IPCC, 2006)23. 
                                                    
 
 
23 According to IPCC guidelines on emissions inventories “the amount of CO2 that is emitted when trees are 
grown is equal to the amount of CO2 that is emitted when tress (biomass) are burnt for as fuel” and thus 
bioenergy is considered carbon neutral (IPCC, 2006). 
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 Table 8.9: Carbon intensity of fuels 
 
Fuel 
Carbon intensity  
(gCO2/kWh) 
Natural Gas 202 
Oil 267 
Coal 354 
 
8.4.3 Summary  
All the technical assumptions about the efficiency, the lifetime, the service cost along with the 
coefficients 𝑎 and 𝑏 for each heating system (except for the gas back boiler which is obsolete) are 
summarised in Table 8.10.  
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Table 8.10: Summary of technical assumptions 
 
No  Alternative heating 
system 
Fuel type  Efficiency Lifetime 
(years) 
Service cost (% 
of capital cost) 
Minimum service 
cost (£/year) 
Coefficient a 
(equation 8.10) 
Coefficient b 
(equation 8.10) 
1 Gas standard boiler Gas  90% 15 15% 80 26.93 1216.4 
2 Gas -combi Gas  90% 15 15% 80 98.5 1219 
4 Oil standard boiler Oil  90% 15 15% 80 111.8 1439.4 
5 Solid boiler  Coal and 
anthracite 
 90% 15 15% 80 113 120.3 
6 Electric boiler Electricity  90% 15 15% 80 28.321 433 
7  Electric storage Electricity  100% 10 0% 0 117.8 474 
8 Electric room heater Electricity  100%              10 0% 0 7.2 280 
9 Warm air - gas fired 
heater 
Gas  85% 10 0% 0 168.8 81.3 
10 Warm air - electric heater Electricity  100% 10 0% 0 78.6 164.5 
11 Community (district) 
heating without CHP 
(boiler) 
Heat  N/A N/A N/A N/A N/A N/A 
12 Community (district) 
heating with CHP (boiler) 
Heat  N/A N/A N/A N/A N/A N/A 
13 Biomass boiler Biomass  90% 20 15% 300 287 1648 
14 Air-source HP Electricity  400% 20 15% 210 189.15 7851.9 
15 Ground-source HP Electricity  400% 20 15% 210 703.3 13779 
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8.5 Feasibility assumptions  
 
Not all heating options can be installed at every dwelling. This limitation is related to aspects such as: 
lack of gas grid connectivity which would prohibit a household from choosing a gas boiler for instance. 
Given the fact that it is not known which dwellings are connected to the gas grid, the only indication 
vis-a-vis each system’s feasibility as a replacement option, is the heating system currently used. In 
order to describe if each potential alternative is feasible to be installed in a dwelling subject to the 
incumbent heating system constraints, a feasibility matrix has been created and it is shown in Table 
8.11. 
 
Table 8.11: Feasibility matrix 
 
Incumbent heating systems Potential heating system choices 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 
1: Gas standard boiler 1 1    1 1 1 1 1   1 1 1 
2: Gas -combi boiler 1 1    1 1 1 1 1   1 1 1 
3: Gas back boiler 1 1    1 1 1 1 1   1 1 1 
4: Oil standard boiler    1 1 1 1 1     1 1 1 
5: Solid boiler     1 1 1 1     1 1 1 
6: Electric boiler     1 1 1 1     1 1 1 
7: Electric storage     1 1 1 1     1 1 1 
8: Electric room heater     1 1 1 1     1 1 1 
9: Warm-air gas fired heater 1 1    1 1 1 1 1   1 1 1 
10: Warm air electric heater     1 1 1 1     1 1 1 
11: Community heating without CHP       1 1 1  1  1 1 1 
12: Community heating with CHP        1 1 1   1 1 1 1 
13: Biomass boiler     1 1 1 1     1 1 1 
14: Air-source heat pump      1 1 1      1 1 
15: Ground-source heat pump      1 1 1      1 1 
 
In the feasibility matrix in Table 8.11, a feasible heating system (i.e. a heating system that could be 
installed if the household chooses to do so) is indicated by the value 1. For instance, all new gas boilers 
are gas-combi or gas-standard (regular) boilers. If a household having a gas-back boiler as an 
incumbent system wants to replace it with another gas-back boiler, this option is not feasible, because 
gas-back boilers are obsolete systems and they no longer exist in the market. For dwellings that are 
currently heated with a biomass boiler it can be assumed that they are not connected to the gas 
network, which means that none of the gas boilers is a feasible choice for them. 
 
8.6 Scenario assumptions  
The rationale behind building the scenarios for the techno-economic model stems from the research 
questions, regarding the factors that could stimulate the heat pump market in the UK, the types of 
policy intervention that could be more effective in increasing consumer demand for heat pumps as 
well as the trade-off that the choice for prioritising one type of policy over another represents for the 
UK Government. The scenarios also build on the results of the previous chapter (Econometrics chapter 
7) as to which type of policy has been more effective in increasing demand for heat pumps in other 
European countries. Having looked at those countries’ well-developed heat pump markets and the 
role of macroeconomic, socioeconomic, environmental factors and policy intervention on consumer 
demand, this bottom-up model will investigate the role of similar policies for the UK residential 
heating market. For instance, the effectiveness of financial policies such as a subsidy on the capital 
cost of heat pumps that was shown to have been successful in those countries, and a subsidy on the 
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running cost will be modelled for the residential sector in the UK. This model will also identify and 
assess the conditions needed to be in place so that heat pumps could be considered a viable heating 
alternative by consumers when they need/decide to replace their old heating system. Such conditions 
are related to energy prices and to the interest rate at which households can borrow money to invest 
in an innovative renewable heating system which is significantly more expensive than conventional 
systems. 
 
In order for heat pumps to be adopted by households, they need to be technically efficient, low carbon 
and cost-effective. Rational consumers are more likely to respond favourably towards heat pumps, 
when they can expect lower bills especially given the fact that the initial investment for a heat pump 
represents a major expense for a household. Lower bills could be achieved by lower energy prices 
and/or higher efficiency of the system. While underlying energy prices are outside the Government’s 
control24, a way of intervening on domestic energy prices is by introducing a carbon tax on fossil fuels 
which will consequently increase the gas price for consumers and could potentially discourage them 
from using and choosing fossil fuel-based systems. The carbon tax could be subject to the carbon 
intensity of the energy mix in the electricity production. The alternative intervention could be to 
subsidize the running cost of renewable heating systems such as heat pumps and biomass boilers.  
 
The second criterion for choosing a heat pump is the initial capital investment. Currently heat pumps 
have much higher installation and running costs than boilers or portable electric and gas fired heaters, 
an issue that has been reported to act as a barrier when it comes to choosing a heating system 
(Fawcett, 2011; Frontier Economics, 2013; Chaudry et al. 2015; Hesselink and Chappin, 2019). 
Economically rational consumers are more likely to favour the heating system with either lower 
upfront costs or lower running costs or the system which has the lowest total cost i.e. total installation 
and running costs. The choice for a household might lie with their financial ability to make an 
investment or with the possibility to raise money through a loan. The Government has introduced a 
Renewable Heating Incentive and could introduce a policy instrument to subsidize the capital and the 
running costs in order to level the playing field so that heat pumps can “compete” under better terms 
with less costly heating systems in the market, notably gas boilers. Except for the capital cost policy, 
the interest rate that households are assumed to face for capital investments, could also affect heat 
pump adoption since the discount rate reflects both the cost of borrowing and the consumer’s time 
preference  for an energy efficiency investment. A high discount rate indicates that consumers value 
the present benefits from an investment more than benefits in the long-term. Discount rates have 
been used to forecast consumer behaviour with regard to energy efficient technologies and to inform 
policy making (Chunekar and Rathi, 2012).  
 
The scenarios in this model are grouped around the two different perspectives, introduced and 
described in the beginning of the chapter, of looking at heat pump uptake in the residential sector of 
the market and of forecasting consumer behaviour vis-à-vis heat pump adoption. These are the 
normative and the positive perspectives and they answer different research questions. The normative 
perspective looks at things from a social welfare point of view and as such it includes the shadow price 
of carbon25 in order to count for the social cost of carbon associated with the use of conventional 
heating systems. Under the normative perspective, the model will calculate the number of households 
that would be needed to install heat pumps in order to lower CO2 emissions generated by conventional 
heating systems in the residential sector to reflect societal values. The positive perspective will look 
at which type of financial policy (capital cost subsidy or running cost subsidy) is more effective in 
 
24 The Government can decide whether and to what extent policy costs, e.g. subsidies for renewable energy and 
efficiency, are allocated to gas or electricity prices.  
25 The shadow price of carbon is used by HM Treasury in policy appraisal for social projects (HM Treasury, 2018).  
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stimulating the uptake of heat pumps by the same number of households under the normative 
perspective.  
 
There are different variables used in the model that represent the criteria, mentioned above, that 
could influence consumers demand and stimulate heat pump uptake in the market. Some variables 
are common for both perspectives while others change.  
 
There are five variables that are used to build the scenarios. These are: energy prices (and standing 
charge); carbon prices; subsidies; discount rate and carbon intensity of electricity. These variables will 
be described in the subsequent sections.  
 
 8.6.1 Energy prices  
Energy price assumptions are given for all six fuels: electricity; natural gas; oil; heat; biomass; coal. The 
assumptions tested here follow BEIS scenarios for low, central (medium) and high energy prices for 
2030 (CCC, 2017). Biomass and heat represent a very small segment in the market and therefore BEIS 
does not include different price scenarios for these two fuels. The average coal price assumption 
comes from the Office for National Statistics (ONS, 2019). 
 
Currently, electricity and gas prices include a component that is termed in this thesis the climate change policy 
cost. This component represents the cost from supporting renewables through the Renewable Obligation (RO) 
and the Feed-in-Tariff (FITs), the cost from participating in the EU Emissions Trading Scheme, funding for energy 
efficiency schemes etc. (CCC, 2014b). The bigger part of it falls on electricity prices. In 2012 the climate change 
policy cost represented 5% of the household gas bill and 14% of the electricity bill, (DECC, 2013). The fact that 
the climate change policy cost is higher on electricity has been a political decision aiming to spread the cost to 
as many households as possible, given the fact that more people use electricity than use natural gas. Higher 
electricity than gas prices due to the climate change policy cost, could work as a barrier to heat pump uptake in 
the market, because this extra component has the effect of a subsidy for gas and it works effectively as a penalty 
on electricity. This component could in principle have been covered by general taxation. It is therefore important 
to test the role of the climate policy cost on heat pump uptake, by levelling the playing field between natural 
gas and electricity prices. BEIS has published energy price scenarios and the Committee on Climate Change have 
made projections for the energy prices in 2030 that identify the climate policy cost. In 2030, the climate policy 
component represents 28% of the electricity price. These projections are used in the model. Energy prices under 
low, reference and high scenarios with and without the climate policy cost are given in Table 8.12.  
 
Table 8.12: Energy price scenarios for 2030 
 
  With policy cost Without policy cost 
  Low Base/REF High Low Base/REF High 
Biomass 6.7 6.7 6.7 6.7 6.7 6.7 
Coal 4.9 4.9 4.9 4.9 4.9 4.9 
Electricity 17.6 19.1 19.7 12.3 13.8 14.4 
Gas 3.9 5 5.6 3.7 4.8 5.4 
Heat 4.1 4.1 4.1 4.1 4.1 4.1 
Oil 39.3 53.1 75.4 39.3 53.1 75.4 
Source: CCC, 2017 
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The standing charge is only given for electricity and gas as there is no such charge for biomass, coal 
and oil. 
 
BEIS projections assume that electricity and gas prices are correlated. However, the potential future rapid 
deployment of heat pumps, the changes in electricity price caused by increased capacity and share in the energy 
mix of renewables and the reduction of their cost in electricity production could impact on the relative prices of 
gas and electricity. Future price reductions are not included in the techno-economic model here. This could be 
part of further research. These implications will be analysed further on section 8.9.8.  
 
8.6.2 Carbon prices  
The shadow carbon price, used by the Treasury for policy appraisal, is included in the scenarios in the 
normative perspective in order to capture the externalities faced by society from the CO2 emissions 
associated with heating systems. The shadow carbon price in the model is included in the calculation 
of the total cost of each heating system (see section 8.2.4, equation 1). The shadow carbon price will 
result in the carbon intensive heating systems having a higher running cost. Therefore, heat pumps 
could potentially be cheaper than conventional systems and in that case the heating system cost 
model here will identify them as the least cost option which would increase the heat pump uptake by 
households. The number of households in the model installing heat pumps as a result of them being 
the least cost option, will represent the optimum number of heat pumps for a given carbon price. If 
the results under the normative perspective show that there is heat pump penetration in the market, 
the model will move to the positive perspective in order to define which supportive policies (e.g. 
subsidies) would drive the market to the socially optimal direction. Modelling heat pump uptake under 
the positive perspective will also show how much heat pump support would cost to the Government, 
in the form of subsidies, to achieve the same result (i.e. at least the same number of households with 
heat pumps) as it was achieved under the normative perspective.  
 
HM Treasury and Industrial strategy has published short-term carbon price assumptions for the period 
2018-2030 (BEIS, 2018b). There are three scenarios: the central and two scenarios to test its 
sensitivity, the low and the high scenarios. The low scenario represents the business as usual (BAU) 
situation. These carbon price scenarios are shown in Table 8.13.  
 
Table 8.13: Shadow carbon price scenarios for 2030 (£/tCO2)  
 
 Low Central  High 
39.23 78.45 117.68 
Source: BEIS, 2018b 
8.6.3 Carbon intensity of electricity 
Carbon intensity assumptions for natural gas, oil and coal are mentioned in the technical assumption 
section (8.4). Carbon intensity of electricity in the model is a scenario and it refers to the carbon 
content of the energy mix (the fuels in the energy mix) used to generate electricity. The Committee 
on Climate Change has published scenarios for 2030 which include three different values: a low, a 
reference (medium) and a high value (CCC, 2015). The Carbon intensity of electricity scenarios are 
shown in Table 8.14. 
 
Table 8.14: Carbon intensity of electricity scenarios for 2030 (g/kWh) 
 
Low Central  High 
50 100 150 
Source: CCC, 2015 
 135 
 
 
8.6.4 Subsidies 
The subsidy scenarios are used in the positive perspective only. There are two types of subsidies, to 
promote heat pumps and biomass boilers that will be tested in the model. The first is a subsidy that 
works to lower the running cost of these two renewable technologies and the second is a subsidy on 
the capital cost of heat pumps. A subsidy similar in design to the Renewable Heat Incentive (RHI) 
currently used in the UK is modelled (“an RHI mechanism”). The difference is that the actual RHI lasts 
for seven years: the modelled RHI mechanism is assumed to last for the lifetime of the heating system.  
A subsidy on the capital cost of these two systems does not exist in the UK.  
 
The model will test what is the minimum level of subsidies that can achieve at least the same level of 
heat pump uptake as it can be achieved without policy intervention under the normative perspective. 
Given that the currently implemented RHI gives a high subsidy if provided over the lifetime of a heating 
system, two lower than the current RHI values will be tested in the model. One fourth option higher 
than the current value will also be tested in order to evaluate if higher Government spending on 
subsidies will result in significantly higher demand for heat pumps. The current RHI value is named 
base, the two lower than the current one values i.e. are named low and medium and the higher than 
the current RHI value is named high. The subsidy scenarios for the RHI mechanism are shown in Table 
8.15.  
 
Table 8.15: RHI mechanism assumptions for heat pumps and biomass boilers 
 
Heating system RHI mechanism subsidy level (p/kWh) 
Low Medium Base High 
Air-source heat pump 3.0 5.0 10.2 14.0 
Ground-source heat pump 10.0 16.0 19.9 23.7 
Biomass boiler 2.0 4.0 6.5 10.0 
Note: assumed to last for lifetime of system, i.e. 20 years 
 
The same rational is used for the subsidy on the capital cost of heat pumps and biomass boilers. The 
econometrics model in the previous chapter showed that three types of policies encouraged 
consumer demand for heat pumps: informative policies, legislative and fiscal/financial policies. The 
policy analysis in Chapter 4 showed that amongst various fiscal/financial incentives, the capital cost 
subsidy was introduced in all seven countries, for at least a certain period of time. The capital cost 
subsidy is chosen to be tested in the model for two further reasons: the first is that it is directly 
associated with the capital cost of heating systems and the bottom-up model here is a heating system 
cost model; the second reason is to compare its effect on heat pump uptake with that of the 
mechanism, the RHI, currently used in the UK. Building on the experience of these countries with 
robust heat pump markets, the decision for the level of subsidy for the UK in this model, is informed 
by the policy review for Austria, Finland, France, Germany, Norway, Sweden and Switzerland. 
According to the different levels of subsidies that have been in effect in the other countries, four levels 
are included in the scenarios here: low, medium, high and very high, see Table 8.16. The chosen levels, 
20%, 30%, 40% and 50%, for the capital subsidy agree with the levels found in the literature review 
(Chapter 5) and in the policy review (chapter 4).  
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Table 8.16: Capital cost subsidy assumptions for heat pumps and biomass boilers 
 
Heating system Capital subsidy (as % of the capital cost) 
 Low  Medium High Very high 
Air-source heat pump 20% 30% 40% 50% 
Ground-source heat pump 30% 40% 50% 50% 
Biomass boiler 15% 25% 30% 30% 
 
8.6.5 Discount rate  
The discount rate is included in the model with two values: the Treasury discount rate and a discount rate for 
private consumers. The Treasury discount rate is “the social discount rate which represents the value society 
attaches to present as opposed to future” and according to the Green Book is set to 3.5% (HM Treasury, 2018). 
The private discount rate is chosen here to represent the rate at which individuals might borrow money from 
commercial banks to make a capital investment. The private discount rate here is the unsecured rate, 11.7%, for 
owner-occupiers (The Money Advice Service, 2018). In order to have the real discount rate, inflation needs to 
be deducted. The inflation rate can be based either on the Retail Price Index (2.7%) or the Consumer Price Index 
(2.1%). Both indices are measures of inflation but the RPI also accounts for owners’ occupiers’ housing costs 
such as mortgage payments and rents (ONS, 2019). For that reason, the real interest rate in the model is 
calculated using the RPI inflation rate.  
 
Real Interest rate = Nominal Private Interest Rate – Inflation rate 
 
Real Interest rate = 11.7-2.7 = 9%               (8.11) 
      
 
8.7 Model performance  
8.7.1 Base conditions of the housing stock 
Firstly, the model runs with the current situation (base case) which is the state of the housing stock as 
described in the Cambridge model for the year 2011. This scenario is run in order to see the share of 
heat pumps in the residential sector (the number of dwellings currently heated by heat pumps) and 
the share of Purchased energy to the residential sector by electricity.  
 
Table 8.17 shows the base output of the CHM for 2011. The results refer to: the amount of useful heat 
(i.e. the output of each heating system) generated by various heating systems in the model, the 
amount of energy supplied to these heating systems, the heating system capacity of each heating 
system, the yearly energy cost to dwellings based on the heating system used and the amount of CO2 
emissions generated by each heating system in the year 2011. The heating systems used in the housing 
stock are grouped under five categories: gas boilers, other boilers, ground source heat pumps, air-
source heat pumps and other. 
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Table 8.17: Base case in the Cambridge Housing Model 
 
Heating systems No of 
dwellings 
(thousands)  
Useful 
heat 
(TWh)  
Purchased 
energy 
(TWh) 
Heating 
system 
capacity 
(GW) 
Energy cost 
(£bn/year) 
CO2 
(mt/year) 
Gas boilers 19226 220 271 229 11 55 
Other boilers 1142 21 28 20 1 8 
Ground-source HP 3 <1 <1 <1 <1 <1 
Air-source-HP 9 <1 <1 <1 <1 1 
Other 2361 16 18 21 3 6 
Total 22741 257 318 271 15 68 
 
The situation of the housing stock in 2011 shows that 84.5% of the heating systems installed are gas 
boilers. The second most popular category of heating system in the housing stock is non-gas boilers 
(i.e. oil boilers, biomass boilers, electric boilers). Heat pumps cover a very small part of the housing 
stock.  
 
Table 8.18 shows results regarding the amount of useful heat generated, the amount of Purchased 
energy, the heating system capacity, the yearly energy cost to dwellings and the amount of CO2 
emissions generated by all six fuels that are used by the various heating systems in the model.  
 
Table 8.18: Base scenario results per fuel 
 
Fuel Type No of 
dwellings 
(thousands) 
Useful 
heat 
(TWh) 
Purchased 
energy 
(TWh) 
Heating 
system 
capacity 
(GWh) 
Energy cost 
(£bn/year) 
CO2 
(mt/year) 
Gas 19371 222 273 231 11 55 
Electricity 1887 13 14 17 2 5 
Oil 885 17 22 17 1 6 
Heat 0 0 0 0 0 0 
Biomass 0 0 0 0 0 0 
Coal and 
anthracite 
198 4 5 3 0 2 
Total 22341 255 315 267 15 68 
 
The base situation shows that dwellings with heat pumps represent only the 0.05% of the total housing 
stock, generating 0.08% of the total useful heat while the purchased energy (purchased energy by 
households i.e. energy consumption by dwellings) for heat pumps is 0.06% of the total Purchased 
energy in the housing stock. The respective numbers for gas boilers are: 85% of total number of 
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dwellings use gas boilers, generating 86% useful heat, consuming 85% of energy from the total supply 
in the market.  
 
These results need to be compared against the different scenarios modelled here under the normative 
and the positive perspectives.  
 
8.7.2 Sensitivity analysis 
All variations on the assumptions would lead to an unmanageable number of scenarios. In order to 
avoid this, sensitivity analysis will be performed in order to identify key scenario assumptions that 
have the biggest impact on the results. The sensitivity analysis is done for the normative perspective 
scenarios only. 
 
The first four scenarios were run in order to test the sensitivity of the base scenario to the changes 
of all variables in terms of their values, by keeping the medium value for three of the variables and 
changing the value of the fourth variable one time to high and the other time to low, covering thus 
all three values, low, medium, high for all variables except for the SPF which only takes two values 
medium and high, since a low SPF is not interesting in modelling heat pump adoption. This is 
because heat pumps currently in the market have relatively high SPFs (as mentioned in chapter 3), 
between 3 and 4, and anything lower than that is not considered efficient and thus it would not 
result in any uptake by households. Energy price in these scenarios do not include the climate policy 
cost. The sensitivity analysis scenarios are shown in Table 8.19.  
 
Table 8.19: Sensitivity analysis scenarios 
 
Sensitivity 
Scenarios 
Variables 
SPF Energy price Shadow carbon 
price 
Carbon 
intensity of 
electricity 
1a Medium Medium Medium Medium 
1b High Medium Medium Medium 
2a Medium Low Medium Medium 
2b Medium High  Medium Medium 
3a Medium Medium Low Medium 
3b Medium Medium High Medium 
4a Medium Medium Medium  Low 
4b Medium Medium Medium High 
 
 
Scenarios 1, 2, 3 and 4 showed that the variables that had the highest impact on heat pump uptake 
are the SPF and the carbon price while the energy prices and the carbon intensity of electricity did not 
make a big difference. The fact that energy prices did not make much difference in heat pump uptake 
can be explained by the fact that electricity and gas prices “move” (increase or decrease together). 
This means that the price difference between gas and electricity, the so-called “spark-spread” which 
is what could potentially encourage consumers to switch from a gas-based system to a heat pump if 
electricity prices were not much higher than gas prices, does not change. 
 
The carbon intensity of electricity did not make much difference because the values (Table 8.14), once 
divided by a Seasonal Performance Factor of 3-4, are small compared with the carbon intensity of 
natural gas (Table 8.9). Since energy prices and carbon intensity of electricity did not have a significant 
impact on heat pump uptake, in the scenarios that are run under the normative and the positive 
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approaches (Sections 8.7 and 8.8) these two variables will take the medium value. SPF and carbon 
price variables will take two values: the medium and the high.  
 
8.8 Normative approach  
Under the normative perspective the model will determine which of the variables in Table 8.19 will 
have a significant impact on the socially-optimal level of heat pump penetration. Supportive policy 
measures are not included here, because the normative perspective looks at the socially optimum use 
of heat pumps. If policy supportive measures were included here it would represent transfer 
payments, and be equivalent to taking money from one sector of the economy (e.g. education) and 
giving it to another sector i.e. the energy residential sector. The carbon price is included as a variable 
to account for externalities and the discount rate takes the Treasury value of 3.5%. The energy prices 
are included in the scenarios with two variations: one with the climate policy cost (which is added 
mainly to electricity prices) and without it. The other two variables included in the model are the 
carbon intensity of electricity and the seasonal performance factor.  
 
The variables and their values therefore that will be included in the normative scenarios are the SPF, 
the shadow carbon price, the carbon intensity of electricity and energy prices.  
 
The scenarios that include the climate policy cost on the energy prices (and mainly on electricity prices) 
are: 7, 8, 9, 10 and the scenarios without the climate policy cost are: 11, 12, 13 and 14. These scenarios 
are mirrored in pairs in terms of the values the variables take. The only difference is the inclusion or 
not of the climate policy cost. Specifically, the pairs are scenarios 7 and 11, scenarios 8 and 12, 
scenarios 9 and 13 and scenarios 10 and 14. All eight scenarios are shown in Table 8.20. 
 
Table 8.20: Scenarios with and without the climate policy cost 
 
Scenarios With climate policy cost 
  
SPF Shadow Carbon 
price (SCP) 
Energy price Carbon 
intensity (CIE) 
7. SPFH-SCPH High High Medium Medium 
8. SPFH-SCPM High Medium Medium Medium 
9. SPFM-SCPH Medium High Medium Medium 
10. SPFM-SCPM Medium Medium Medium Medium 
Scenarios Without the climate policy cost 
 
SPF Shadow Carbon 
price (SCP) 
Energy price Carbon 
intensity (CIE) 
11. SPFH-SCPH High High Medium Medium 
12. SPFH-SCPM High Medium Medium Medium 
13. SPFM-SCPH Medium High Medium Medium 
14. SPFM-SCPM Medium Medium Medium Medium 
 
8.8.1 Results  
The model has produced results showing the useful heat generated by the heating systems, the 
purchased energy from the different fuels and the number of dwellings that have adopted each 
heating system in 2030. These results reflect an “optimal” heating system mix in the residential sector 
from a societal perspective. These results are given here for each heating system and for each fuel. 
Some systems like boilers that work with coal and electric portable heaters represent a small fragment 
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in the housing stock. For that reason, the results for the initial 12 heating systems are grouped into 
five categories. These are: results for gas boilers, other boilers (electric, oil, biomass, coal and 
anthracite), air-source heat pumps, ground source heat pumps and other systems which include all 
the portable units (electric storage, air-gas fired heaters, warm air electric heaters and electric room 
heaters).  
 
In order to see clearly the effect of the climate policy cost, the results for scenarios 7, 8, 9, 10 (with 
the climate policy cost) and for scenarios 11, 12, 13 and 14 without it, are shown next to each other 
per pair i.e. 7-11, 8-12, 9-13 and 10-14.  
 
The first important result is the heat pump adoption rate by households. Table 8.21 shows the results 
for the number of dwellings that have adopted each of the heating systems in the model.  
 
Table 8.21: Comparison of scenarios results (thousands of dwellings by heating system) 
 
 Scenario 
  7  11         8  12  9 13   10   14 
Climate 
policy 
cost  
Yes  No   Yes  No   Yes  No   Yes  No  
Variables SPFH - SCPH SPFH - 
SCPH 
 SPFH-SCPM SPFH-
SCPM 
 SPFM-SCPH SPFM-
SCPH 
 SPFM-SCPM SPFM-
SCPM 
Gas 
boilers  
 18600 16180  19389 18060   19657 18750   19674 19443 
Other 
boilers 
 99 52  158 101   158 92   196 156 
Air-
source 
heat 
pumps 
 2868 4954  2003 2995   1617 2219   1451 1546 
Ground- 
source 
heat 
pumps 
 0 0  0 0   0 0   0 0 
Other   1173 1555  1191 1586   1309 1680   1325 1691 
Total  22741 22741  22741 22741   22741 22741   22741 22741 
 
 
Table 8.21 shows that for every pair of scenarios with the same assumption values, heat pump 
adoption is higher in the scenarios which do not include the climate policy cost on the energy price 
(basically on the electricity price). At best, heat pumps are adopted in 22% of the total number of 
households, a rate which is achieved in scenario 11 which has the most favourable conditions: high 
SPF, high carbon price and no policy cost on the energy prices.  
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The second interesting things is to see the purchased energy and how it compares to the useful heat 
generated by each alternative. Tables 8.22 and 8.23 show the results for the useful heat and the 
purchased energy per heating system. 
 
 
Table 8.22: Comparison of all scenarios results for useful heat per heating system (TWh) 
 
  
 Scenario 
 
 7  11 8 12   9 13  10 14 
Climate 
policy 
cost  
Yes No Yes No Yes No Yes No 
Variables SPFH - 
SCPH 
SPFH - 
SCPH 
SPFHSCP SPFH-SCPM SPFM-
SCPH 
SPFM-
SCPH 
SPFM-
SCPM 
SPFM-
SCPM 
Gas 
boilers 
193.8 152 216.8 183 223.1 198 223.5 215 
Other 
boilers 
1.2 1 2 1 2.3 1 3.4 2 
Air-
source 
heat 
pumps 
56.2 96 32.0 64 25.0 49 23.3 31 
Ground- 
source 
heat 
pumps 
0.0 0.0 0.0 0.0 0  0 0 
Other 6.1 8 6.2 9 6.9 9 7.0 10 
Total 257.3 257 257 257 257.3 257 257.3 257 
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Table 8.23: Comparison of all scenarios results for Purchased energy per heating system (TWh) 
 
 Scenario 
  7 11     8  12   9  13  10  14 
Climate 
policy cost 
Yes  No  Yes  No Yes No Yes No 
Variables SPFH - 
SCPH 
SPFH - 
SCPH 
SPFH-
SCPM 
SPFH-
SCPM 
SPFM-
SCPH 
SPFM-
SCPH 
SPFM-
SCPM 
SPFM-
SCPM 
Gas 
boilers 
215.3 169.0 240.9 204.0 247.9 220 248.3 239.0 
Other 
boilers 
1.3 1.0 2.5 1.0 2.5 1.0 3.8 2.0 
Air-source 
heat 
pumps 
14.0 24.0 8.0 16.0 8.3 16.0 7.8 10.0 
Ground-
Source 
heat 
pumps 
0.0 0.0 0.0 0.0 0 0.0 0.0 0.0 
Other 6.4 9.0 6.5 9.0 7.1 10.0 7.2 10.0 
Total 237.0 202.0 257.9 230.0 265.9 247.0 267.2 261.0 
 
 
Table 8.22 shows that under the highest efficiency and the highest carbon price assumptions, the 
useful heat provided by heat pumps is 37.4% of the total useful heat provided by all heating systems. 
Tables 8.22 and 8.23 show that the ratio of the useful heat generated by the heating systems to the 
purchased energy needed to provide that heat, is much higher for heat pumps than it is for gas boilers. 
This is the case for all scenarios, even for those where heat pumps have a medium SPF (3 for air-source 
and 3.5 for ground source heat pumps).  This result shows that heat pumps are much more efficient 
than gas boilers and their uptake by households can reduce significantly energy supply. Purchased 
energy to heat pumps could be reduced further if households undertook energy efficiency 
improvements for their dwellings, notably insulation and underfloor heating.  
 
The next three Tables 8.24, 8.25 and 8.26 compare the results of the mirrored scenarios (with and 
without the climate policy cost) for the number of dwellings that used different fuels, the useful heat 
that has been generated by each fuel and the purchased energy of each different fuel. 
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Table 8.24: Comparison of scenarios results for the number of dwellings (thousands) per fuel 
 
 Scenario 
 7  11 8  12 9  13 10  14 
Climate 
policy cost 
Yes No Yes No  Yes  No  Yes  No  
Variables SPFH - SCPH 
SPFH - 
SCPH 
SPFH-SCPM 
SPFH-
SCPM 
SPFM-SCPH 
SPFM-
SCPH 
SPFM-SCPM 
SPFM-
SCPM 
Gas      18745 16320    19534 18204 19802 18895 19819 19588 
Electricity 3498 5988 2651 4048 2382 3373 2328 2609 
Oil 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Heat 399 381 399 389 399 381 399 389 
Biomass 0.0 0.0 0.0 0.0 0. 0.0 0.0 0.0 
Solid fuels 99 101 158 101 158 92 196 156 
Total 22741 22741 22741 22741 22741 22741 22741 22741 
 
Table 8.25: Comparison of all scenarios results for useful heat per fuel (TWh) 
 
 Scenario 
 7  11 8  12 9  13 10  14 
Climate 
policy 
cost 
Yes No Yes No  Yes  No  Yes  No  
Variables 
SPFH - 
SCPH 
SPFH - 
SCPH 
SPFH-
SCPM 
SPFH-
SCPM 
SPFM-
SCPH 
SPFM-
SCPH 
SPFM-
SCPM 
SPFM-
SCPM 
Gas      195.2 153.4 214.4 184.7 223.8 199.1 224.9 216.4 
Electricity 58.7 101.2 38.5 69.3 29 55 26.8 36.5 
Oil 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Heat 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.1 
Biomass 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Solid fuels 1.2 0.5 2.3 1.2 2.3 1.1 3.4 2.2 
Total 257.3 257.3 257.3 257.3 257.3 257.3 257.3 257.3 
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Table 8.26: Comparison of all scenarios results for purchased energy per fuel (TWh) 
 
 Scenario 
 7  11  8  12 9  13 10  14 
Climate 
policy cost 
Yes No Yes No  Yes  No  Yes  No  
Variables 
SPFH - 
SCPH 
SPFH - 
SCPH 
SPFH-
SCPM 
SPFH-
SCPM 
SPFM-
SCPH 
SPFM-
SCPH 
SPFM-
SCPM 
SPFM-
SCPM 
Gas 217.0 170.6 238.3 205.3 248.8 221.4 250.0 240.6 
Electricity 16.6 29.0 11.6 21.2 11.9 22.2 11.2 16.1 
Oil 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Heat 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.1 
Biomass 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Solid fuels 1.3 .6 2.5 1.3 2.5 1.2 3.8 2.5 
Total 237.0 202.2 254.5 229.9 265.3 246.8 267.2 261.3 
 
8.8.2 Discussion of normative scenario results 
All the scenarios under the normative perspective here showed that there would be a significant 
increase in heat pump uptake between the reference year 2011 and 2030. Specifically, in the least 
favourable scenario for heat pumps, scenario 10 (SPF medium and carbon price medium) where heat 
pump uptake was the lowest in comparison to all other scenarios, the number of dwellings with heat 
pumps, is still much larger than the number of dwellings with heat pumps in the base case in 2011, 1 
451 000 v. 12000 dwellings. The most favourable scenario 11 (SPF high and carbon price high and no 
climate policy cost on energy prices) resulted in 4 954 000 number of dwellings with heat pumps. 
These results show that there has been heat pump uptake under favourable conditions. 
 
Scenario 11 represents the case where heat pumps are as efficient as possible (SPF high), the shadow 
carbon price has the highest value (SCP high) and there was no climate policy cost on the energy prices. 
The second-best scenario in terms of heat pump uptake was scenario 12 where there is no climate 
policy, SPF is high and carbon price is medium. All scenarios (11, 12, 13 and 14) where there is no 
climate policy cost gave much better results in terms of heat pump uptake than their mirrored 
scenarios (7, 8, 9 and 10) with the climate policy cost. Based on the model outcome, it can be inferred 
that the technical performance of heat pumps and the climate policy cost on energy prices, which 
mainly burdens electricity prices, are the most significant in terms of heat pump uptake, followed by 
the carbon price.  
 
A comparison between the number of dwellings with heat pumps when one assumption varies and 
the other two stay the same, will show the effect of each assumption on heat pump uptake by 
households more clearly. These comparisons for the effect of the climate policy cost (when the SPF 
and the SCP stay the same), the effect of the SPF (when the climate policy and the SCP stay the same) 
and the effect of the SCP (when the climate policy cost and the SPF stay the same) are shown in Tables 
8.27 and 8.28. 
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Table 8.27: SPF and SCP effect on heat pump uptake  
 
Scenarios Assumptions  Thousands of dwellings with 
heat pumps  
Difference from 
scenario 14  
14 No climate policy cost, 
SPFM, SCPM 
1546  
 
+673 
13 No climate policy cost, 
SPFM, SCPH 
           2219 
12 No climate policy cost, 
SPFH, SCPM  
           2995 +1449 
 
Table 8.27 shows that higher heat pump efficiency can result in higher heat pump uptake by household 
than a higher shadow carbon price does. 
 
 
Table 8.28: Climate policy cost effect on heat pump uptake 
 
 SPF and SCP assumptions 
 SPFH-SCPH SPFH-SCPM SPFM-SCPH SPFM-SCPM 
 
Climate policy cost 2868 2003 1617 1451 
No climate policy cost 4954 2995 2219 1546 
Difference in heat pump uptake 2086 992 602 95 
 
 
Table 8.28 shows that all scenarios without the climate policy cost on energy prices result in higher 
heat pump uptake by households, the highest being when there is no climate policy cost, the heat 
pump efficiency is high and the shadow carbon price is also high. The second best scenario is when 
there is no climate policy cost on energy prices, the SPF is high and the SCP is medium. Removing the 
climate policy cost from energy prices when heat pump efficiency is medium and the shadow carbon 
price is high does not result in as high a heat pump uptake as when the heat pump efficiency is high 
and the shadow carbon price is medium. This shows that heat pump efficiency along with electricity 
prices without the climate policy cost are essential to drive up households’ demand for heat pumps.  
 
It is essential therefore to improve heat pump performance i.e. increase the efficiency (SPF) of the system, in 
order to increase demand in the residential, sector. Heat pump uptake though could not happen unless the 
climate policy cost is removed from the electricity price so that the running cost can fall which would encourage 
households to switch from a conventional heating system to a renewable one. In addition, higher carbon prices, 
i.e. ambitious climate policy would also help to increase heat pump uptake through the decrease of running 
costs.  
The model did not show any ground source heat pump uptake which can be explained by the much 
higher total installation cost in comparison to that of air-source units. The assumption made in the 
model that air-source and ground source heat pumps have the same high efficiency will always result 
in air-source units being identified as the cheapest option in the model. Table 8.29 shows the share of 
dwellings with heat pumps of each type of heat pumps installed in different dwelling types in the 
whole number of dwellings of each type. 
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In terms of the types of dwellings where heat pumps were adopted the model showed that the highest 
heat pump uptake takes place in houses and not flats. Specifically, in the two scenarios, 11 and 12, 
with the highest uptake, the share of house dwellings (detached, semi-detached, mid-terrace and end-
terrace) that adopted heat pumps were 25.7% and 15.5% respectively. The share of different types of 
dwellings with heat pumps in the whole number of dwellings with heat pumps, the share of different 
types of dwellings with heat pumps in the entire housing stock and the share of useful heat generated 
by heat pumps in the market for scenarios 11 and 12 can be seen in Tables 8.29 and 8.30. 
 
Table 8.29: Dwellings with heat pumps and useful heat generated in scenario 111 
 
Type of dwelling % of heat 
pumps by type 
of dwelling  
% of dwelling 
type with heat 
pumps  
% of useful heat by 
heat pumps by type 
of dwelling  
% of useful heat 
generated by heat 
pumps  
Detached 44.1 44.3 48.4 60.1 
Semi-detached 27.9 21.3 26.6 33.2 
Mid-terrace  13.1 15.1 12.0 26.0 
End-terrace 9.1 18.7 9.1 31.9 
Flat – purpose built 2.7 3.6 1.5 6.6 
Flat – converted 3.0 16.4 2.3 26.1 
Non residential 0.1 0.2 0.2 45.8 
Total 100.0 
 
100.1  
Note: 1) SPFH-SCPH without the climate policy cost 
 
Table 8.30: Dwellings with heat pumps and useful heat generated in scenario 121 
 
Type of dwelling % of heat 
pumps by type 
of dwelling  
% of dwelling 
type with heat 
pumps  
% of useful heat by 
heat pumps by type 
of dwelling  
% of useful heat 
generated by heat 
pumps  
Detached 48.4 29.4 53.0 43.9 
Semi-detached 25.9 11.9 24.5 20.3 
Mid-terrace  10.9 7.6 9.9 14.3 
End-terrace 8.5 10.7 8.8 20.6 
Flat – purpose built 3.2 2.6 1.6 4.5 
Flat – converted 3.0 9.7 2.0 15.1 
Non residential 0.2 20.3 0.2 42.2 
Total 100 
 
100 
 
Note: 1) SPFH-SCPH without the climate policy cost 
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As can be seen from Tables 8.29 and 8.30, the largest share of useful heat generated by heat pumps 
is for detached and semi-detached houses which are much bigger than flats and thus have higher 
demand for heat. The main market therefore for heat pumps in the residential sector is large houses 
which have space and high demand for heat. Having a bigger size heat pump is more cost effective 
than small ones because the capital cost of heat pumps is less than proportional to size.  
 
8.9 Positive approach 
Following the results from the normative perspective where higher heat pump uptake was shown to 
be beneficial for the society as a whole under the assumed conditions, the positive perspective will 
show which financial policy measures would be more efficient in encouraging consumers to act in 
alignment with the socially optimal outcomes. Two supportive policy measures are included here, an 
RHI type mechanism analogous to the RHI measure currently in effect in the UK (a subsidy on the 
running cost of heat pumps), and a capital cost subsidy. 
 
The scenarios in the positive perspective do not include the shadow carbon price, while the discount 
rate is taken to be the consumer’s real interest rate allowing for inflation. Energy prices are included 
in the scenarios with two variations: one with the climate policy cost included and one without, as in 
the normative perspective. The other two variables included in the model are the carbon intensity of 
electricity (which takes the medium value as in the normative perspective) and the seasonal 
performance factor (SPF) which takes medium and high values as it did under the normative 
perspective.  
 
The two policy measures will be tested in the model separately. Firstly, the role of an RHI type policy 
incentive will be tested. The variables included in the RHI scenarios are the SPF, the carbon intensity 
of electricity, energy prices and the RHI assumptions. The low and medium RHI values are lower than 
the base RHI (which is the level currently being implemented while the high RHI value is higher than 
the base assumption26). The scenarios in the model with the RHI-type incentive are shown in Table 
8.31. 
 
Secondly, a subsidy on the capital cost of heat pumps will be tested. The variables included in the 
capital cost subsidy scenarios are the SPF, the carbon intensity of electricity, energy prices and the 
capital cost subsidy assumptions. The scenarios in the model with the capital cost subsidy incentive 
are shown in Table 8.32. 
 
In Section 8.9.8, the effectiveness of the two types of mechanism will be compared.    
 
 
 
26 Note however that although the value of the RHI payment is the same, in the model the subsidy is applied for 
the lifetime of a heat pump, I.e. 20 years, while the UK government’s RHI is applied for seven years. The net 
present value of a seven year subsidy is 55% of the net present value of a 20-year subsidy at the consumer’s 
discount rate. Therefore the medium RHI in Table 8.31, rather than the base value, is worth about the same as 
the UK government’s RHI.  
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Table 8.31: RHI scenarios and associated variable values  
 
No Scenario name  Variables 
 RHI SPF Climate policy cost 
1.  
RHIL-SPFM-PC 
Low Medium Yes 
1A.
 
RHIL-SPFM-NPC 
Low Medium No 
1. R
HIL-SPFH-PC 
Low High Yes 
2A.
 
RHIL-SPFH-NPC 
Low High No 
2. R
HIM - SPFM-PC 
Medium Medium Yes 
3A.
 
RHIM - SPFM-NPC 
Medium Medium No 
3. R
HIM-SPFH -PC 
Medium High Yes 
4A.
 
RHIM-SPFH –NPC 
Medium High No 
4. R
HIH – SPFM – PC 
High Medium Yes 
5A.
 
RHIH – SPFM – NPC 
High Medium No 
5. R
HIH – SPFH – PC 
High High Yes 
6A.
 
RHIH – SPFH – NPC 
High High No 
6. R
HIB-SPFM-PC 
Base Medium Yes 
7A.
 
RHIB-SPFM-NPC 
Base Medium No 
7. R
HIB – SPFH – PC 
Base High Yes 
8. R
HIB – SPFH – NPC 
Base High No 
Note: PC signifies that the policy cost is included in the policy costs; NPC signifies that it is not. 
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Table 8.32: Capital cost subsidy scenarios and associated variable values 
 
No Scenario name Variables 
  Capital 
cost 
subsidy 
SPF Climate Policy cost 
1. S
ubL-SPFM-PC 
Low Medium Yes 
1A.
 
SubL-SPFM-NPC 
Low Medium No 
2. S
ubL-SPFH-PC 
Low High Yes 
2A.
 
SubL-SPFH-NPC 
Low High No 
3. S
ubM - SPFM-PC 
Medium Medium Yes 
3A.
 
SubM-SPFM-NPC 
Medium Medium No 
4. S
ubM-SPFH -PC 
Medium High Yes 
4A.
 
SubM-SPFH –NPC 
Medium High No 
5. S
ubH – SPFM – PC 
High Medium Yes 
5A.
 
SubH–SPFM–NPC 
High Medium No 
6. S
ubH – SPFH – PC 
High High Yes 
6A.
 
SubH – SPFH – NPC 
High High No 
7. 
 
SubvH – SPFH – NPC 
Very High High No 
Notes: PC signifies that the policy cost is included in the policy costs NPC signifies that it is not. 
 
 
8.9.1 Results from the scenarios with the RHI-type policy incentive 
Results regarding heat pump adoption by dwellings, the useful heat generated by heat pumps, the 
purchased energy to heat pumps and the total subsidy cost for heat pumps are shown in Table 8.33. 
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Table 8.33: Results for heat pump adoption from scenarios with RHI 
 
No Scenario name Number of 
Dwellings 
(1000)  
Useful heat 
(TWh) 
Purchased 
energy 
(TWh) 
Subsidy total 
(£bn/year) 
1 RHIL-SPFM, PC 1326 23 7.6 0.7 
1A RHIL-SPFM, NPC 1402 33 10.8 1.0 
2 RHIL-SPFH, PC 1831 36 9.1 1.1 
2A RHIL-SPFH, NPC 2453 55 13.8 1.7 
3 RHIM-SPFM, PC 2131 44 14.5 2.2 
3A RHIM-SPFM, NPC 3615 76 25.4 3.8 
4 RHIM-SPFH, PC 3999 79 19.8 4.0 
4A RHIM-SPFH, NPC 5964 111 27.9 5.6 
5 RHIH-SPFM, PC 18577 235 78.4 32.9 
5A RHIH-SPFM, NPC 19638 242 80.8 33.9 
6 RHIH-SPFH, PC 19892 244 60.9 34.1 
6A RHIH-SPFH, NPC 20255 246 61.5 34.5 
7 RHIB-SPFM, PC 12379 184 61.2 18.7 
7A RHIB-SPFM, NPC 15226 210 70.1 21.4 
8 RHIB-SPFH, PC 15567 212 53.1 21.6 
8A RHIB-SPFH, NPC 17066 225 56.2 22.9 
Total housing stock 22741 257   
Note: The subsidy total is the annual public expenditure cost assuming that all the dwellings in column 
3 are subsidised in the same year. 
 
Table 8.33 breaks the RHI scenarios into four groups depending on the RHI level. As expected, the 
adoption of heat pumps is higher with higher SPFs and if policy costs are excluded from energy prices. 
The base and high levels of RHI payment result in most of the market switching away from boilers 
towards heat pumps. 75% of households choose heat pumps with the base level of RHI set at the 
current level of 10.2 p/kWh and 89% do so if the RHI is set high at 14.0 p/kWh. However, the modelling 
assumption has been made that the RHI payment is made for the lifetime of the heat pump, 20 years, 
rather than the current seven-year lifetime of the actual UK RHI. In reality, the medium RHI modelling 
assumption, 5.0 p/kWh, would have an incentive effect roughly equivalent to the current UK RHI in 
view of the different lifetimes. 
 
Under the modelled medium level RHI, 6.0m households (26% of the market) adopt heat pumps under 
the most favourable conditions of a high SPF and no policy costs added to energy prices. At a low level 
RHI, this falls to 2.5m households (11%). If the goal were to achieve higher heat pump adoption than 
under RHIBASE, the RHI should take the high value as shown in scenarios 5, 5A, 6 and 6A. The difference 
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in heat pump uptake between the two groups of scenarios (scenarios 7, 7A, 8 and 8A with the current 
base level of RHI and scenarios 5, 5A, 6, and 6A with the high level of RHI) is between 3.2 and 6.2 
million dwellings. The role of the climate policy cost in scenarios 5, 5A and 6 and 6A is not as significant 
as it is in scenarios 7, 7A and 8, 8A. This shows that the barrier to heat pump uptake imposed by 
electricity bearing the highest share of climate policy costs, can be balanced by a higher RHI payment.  
 
Amongst the scenarios with the current level of RHI payment (7, 7A and 8, 8A), the lowest results 
come from scenario 7 where the efficiency of the heat pump is medium and the climate policy cost 
which burdens mainly electricity is included in the model. This scenario describes the current situation 
in terms of system efficiency, energy prices and policy incentives. 
 
The useful heat produced by heat pumps in the most favourable RHI scenarios (5, 5A and 6 and 6A) is 
between 91% and 96% of the total useful heat generated in the whole housing stock by all different 
systems. This shows that heat pump penetration has the capacity to replace gas boilers in the housing 
market and thus the use of gas for space and water heating can be reduced dramatically.   
 
As with results from the normative perspective, modelling with the RHI incentive showed that the 
majority of heat pumps are installed in houses rather than in flats. However, in contrast to the 
normative results, the RHI policy incentive has resulted in an increase of the number of heat pumps 
installed in flats. Specifically, in the most favourable scenarios in the normative perspective (11 and 
12) the share of flats with heat pumps is 20% and 12.3% while in the scenarios under the positive 
perspective with the RHI incentive, these shares go up to 57% (scenario 6A, which has the most 
favourable conditions, high RHI, high SPF and no climate policy cost).  
 
These significant differences could be attributed to different sociodemographic characteristics 
between households who live in flats and those who live in houses. As revealed in the literature 
review, households of higher income tend to live in larger dwellings, mainly houses. Lower income 
households in flats may find it difficult to undertake a capital-intensive investment to install a heat 
pump which, in addition, may have higher running costs than a gas boiler.  
 
These financial barriers that could be addressed to a certain extent through a subsidy, at least on the 
running cost. An additional reason may be that people who live in flats are generally not owners. Thus 
it would not be beneficial for them on the long term to install a heat pump. In the case of a subsidy, 
non-owners living in flats could potentially adopt a heat pump if the return was advantageous for a 
relatively short period of time (e.g. the seven year period an RHI is implemented for) during which 
they would continue living in the property and could benefit from the energy efficiency improvement. 
The heat pump uptake in flats under scenario 7 (which has a base RHI, medium SPF and the climate 
policy cost on energy prices) is 20%, much lower than that in scenario 6A. This can be related to the 
fact that poorer households live in flats and need higher financial incentives to adopt a heat pump.  
 
8.9.2 Results from the scenarios with the capital cost subsidy policy incentive  
The four levels of the subsidy (20%, 30%, 40% and 50% for air-source and 30%, 40%, 50% and 50% for 
ground-source) on the capital cost of heat pumps did not lead to significantly different levels of heat 
pump uptake. Results regarding heat pump adoption by dwellings, the useful heat generated by heat 
pumps, the purchased energy for heat pumps and the total subsidy cost for heat pumps are shown in 
Table 8.34. 
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Table 8.34: Results for heat pump adoption from scenarios with capital cost subsidy 
 
No Scenario 
name 
Number of 
Dwellings (1000)  
Useful 
heat 
(TWh) 
Purchased 
energy (TWh) 
Subsidy 
total (£bn) 
 
1 SubL-SPFM,PC 1127 22.0 5.6 2.6  
1A SubL-
SPFM,NPC 
1348 21.9 7.4 2.9  
2 SubL-SPFH,PC 1293 21.5 7.2 2.8  
2A SubL-SPFH, 
NPC 
1438 23.0 5.6 3.0  
3 SubM-SPFM, PC 1077 19.7 6.6 4.0  
3A SubM-SPFM, 
NPC 
1432 23.0 8.0 5.0  
4 SubM-SPFH, PC 1362 23.4 5.9 4.7  
4A SubM-SPFH, 
NPC 
1579 27.4 6.8 5.1  
5 SubH-SPFM, PC 1231 21.3 7.1 5.5  
5A SubH-SPFM, 
NPC 
1587 23.5 7.8 5.5  
6 SubH-SPFH, PC 1731 24.5 6.1 7.3  
6A SubH-SPFH, 
NPC 
1825 38.0 9.0 8.4  
7 SubvH -SPFH, 
NPC 
2966 61.0 15.0 17.0  
Total housing stock 22741 257.0    
 
 
Table 8.34 breaks the capital cost scenarios into four groups depending on the subsidy level. As 
expected, the adoption of heat pumps is higher with higher seasonal performance factors and if policy 
costs are excluded from energy prices. With a low subsidy (20% for air source heat pumps), the highest 
level of heat pump adoption is 1.4m households. With a medium subsidy (30%) adoption increases to 
1.6m households and with a high subsidy (40%) to 1.8 m households. Adoption increases sharply if the 
subsidy is increased to 50% (very high) with 3m households adopting heat pumps.  
As can be seen from Table 8.34, the increase in the level of capital cost subsidy across scenarios does 
not result in substantial heat pump uptake, except for a big increase between scenarios 6A and 7. The 
difference in heat pump uptake with regard to the different levels of capital subsidy (but same SPF 
and without the climate policy cost on the energy prices) for scenarios 4A and 5A is 0.8% and between 
scenarios 7 and 6A is 38.5%. 
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The climate policy cost resulted in a high difference in heat pump uptake where there is a high subsidy 
and SPF is medium (scenarios 5 -5A), 22.4%. In the case of a low subsidy with high SPF (scenarios 2-
2A) the corresponding difference is 21.6%. 
The differences in heat pump uptake with respect to different levels of SPF in the scenarios without 
the climate policy cost on energy prices were: 14.6% when the capital subsidy is high (scenarios 5A 
and 6A), 24.8% when the capital subsidy is medium (scenario 3A and 4A) and 4.1% when the capital 
subsidy is low (scenarios 2A and 1A).  
An increase in the capital cost subsidy from low to medium, with SPF medium and no climate policy 
cost (scenarios 1A-3A) increases heat pump uptake by 5.9% while when SPF is high (2A-4A) the uptake 
increases by 8.9%. An increase in the capital cost subsidy from medium to high when SPF is medium 
and there is no climate policy cost on energy prices (scenarios 3A-5A) increases heat pump uptake by 
9.8%, while when SPF is high and there is no climate policy cost (scenarios 4A-6A) the increase is 13.5%. 
An increase in the capital cost from high to very high (scenarios 6A-7) when SPF is high and there is no 
climate policy cost, increases heat pump uptake by 38.5%, which is the largest change.  
The climate policy cost on energy prices and the different levels of heat pump efficiency result in the 
highest differences in heat pump uptake. The capital cost subsidy results in a higher increase when 
the SPF is high than when it is medium. The highest increase in demand for heat pumps is found when 
the capital cost subsidy increases from high to very high (40% to 50%), the SPF is high and there is no 
climate policy cost on energy prices. 
As it was the case in the normative perspective, the climate policy cost and the efficiency of heat 
pumps play a major role on heat pump penetration in the market. The capital subsidy needs to reach 
very high levels in order to result in a substantial increase in heat pump uptake.  
In the next five subsections, results vis-a-vis heat pump uptake based on a higher disaggregation of 
the housing stock is presented. The disaggregation includes tenure type, age of dwellings, incumbent 
heating system, dwelling type and floor area. Heat pump uptake by income or urban v. suburban v. 
rural cannot be addressed because the Cambridge Housing Model does not give this type of 
information and data. The technoeconomic model here captures the overall heating energy and costs 
as well as the costs and benefits from heat pumps by housing type. In order to capture in a more 
comprehensive way the practical limitations of heat pump adoption in relation to households’ income 
and location of the dwelling (urban v. suburban v. rural), further analysis of heat pump deployment is 
needed. 
 
8.9.3 Heat pump uptake in relation to tenure type 
 
Chapter two on the residential heating sector in the UK identified the fact that privately rented 
dwellings tend to be less energy efficient than those that are privately owned. This was attributed to 
a principal-agent (landlord-tenant) issue whereby the landlord would incur the costs of investment in 
energy efficiency while the tenant would see the benefits (see section 2.2). The same obstacle could 
be expected to apply to the decision of investing in a heat pump. However, this is a qualitative aspect 
and is not and cannot be captured in this model. The Cambridge Housing Model does capture 
information about tenure type as well as the physical aspects of each type of dwelling including the 
size of property, and useful heat demand. The outputs of the techno-economic model can therefore 
be analysed to investigate the impact of tenure type on the adoption of heat pumps in as much as the 
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results are affected by the physical characteristics of dwellings, if not the decision-making 
environment.  
In order to have an indication of the proportion of the number of heat pumps that would be installed 
in dwellings under different tenure type, results are shown for the most favourable scenario in the 
positive perspective and specifically under the capital cost subsidy policy. This scenario is the 6A in 
Table 8.34, in section 8.9.2. The model showed that the largest number of heat pumps is adopted in 
private owned-occupied properties followed by the private rented properties. Specifically, the take-
up of heat pumps in private owned/occupied and private rented dwellings together represents 80% 
of the take -up of heat pumps. The difference between the take-up in private owned /occupied 
properties and the take-up in private rented properties is only 1.2% while the difference between 
private owned/occupied properties and local authority and housing association properties is about 
8% and 7% respectively. The second thing that the model showed is that the average private 
owned/occupied and the private rented dwelling with a heat pump need more than double and 
double, respectively, the amount of useful heat than local authority and housing association dwellings 
need. The private owned/occupied dwellings need about 30% more useful heat than private rented 
dwellings. This shows that based on the useful heat needed, private owned /occupied and private 
rented properties with heat pumps are both bigger than local authority and housing association 
properties with private owned/occupied properties being the biggest of all. Table 8.35 shows the 
adoption of heat pumps and the useful heat needed in dwellings per tenure type. 
 
Table 8.35: Heat pump adoption per tenure type in scenario 6A: SubH-SPFH, NPC 
Tenure type No of dwellings 
with heat pumps 
in each tenure 
type (1000)  
% Dwellings 
with Heat 
Pumps 
Useful heat 
in dwellings 
with heat 
pumps 
(TWh) 
% Useful 
heat in 
dwellings 
with heat 
pumps 
Useful 
heat/dwelling 
with Heat 
Pumps 
Private owned/ 
occupied 
1409 9.5% 31.2 16.7% 22.2 
Local authority 36 1.9% 0.4 2.4% 9.9 
Housing 
association  
46 2.2% 0.5 3.1% 9.9 
Private rented 33 8.3% 6 14.5% 17.7  
1825  8.0 38 14.8% 20.8 
 
 
8.9.4 Heat pump uptake in relation to the age band of the dwellings 
The description of the housing stock in the UK in chapter two, showed that the country has one of the 
oldest and the least efficient stocks in Europe. Inefficient dwellings result in significant amount of heat 
loss and therefore high energy consumption. Given the fact that high energy consumption implies high 
energy bills, a highly efficient heating system, that would reduce the amount of useful heat needed 
and thus would lower the electricity bills for households, would be expected to be identified as the 
most cost-effective heating alternative which would then be chosen over the other options.  The 
Cambridge Housing Model does capture information about the age of dwellings in the housing stock 
as well as the useful heat demand. The outputs of the techno-economic model can therefore be 
analysed to investigate the relationship between the age of dwellings and the adoption of heat pumps. 
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In order to have an indication of the proportion of the number of heat pumps that would be installed 
in dwellings of different age bands, results are shown for the most favourable scenario in the positive 
perspective and specifically under the capital cost subsidy policy. This scenario is the 6A in Table 8.34, 
in section 8.9.2. The model showed that the highest take-up of heat pumps took place in the oldest 
dwellings, i.e. dwellings that were built before 1900. This can be explained by the fact that older 
houses are the least efficient, they have very poor insulation and there is significant heat loss, 
therefore they have higher energy consumption. This means that households living in these very old 
houses face high energy bills. Using a very efficient heat pump, 400% versus 90% for boilers, would 
reduce the energy consumption which means that the running cost from using a heat pump would be 
lower than from using a boiler and despite the higher capital investment (which would be remedied 
to a certain extent by the high capital subsidy) of the former the total cost from investing and using a 
heat pump would be lower than that from using a boiler and therefore in this case the model identifies 
heat pumps as the cheapest heating alternative. Table 8.36 shows the adoption of heat pumps and 
the useful heat needed in dwellings per age band.  
 
Table 8.36: Heat pump adoption per age band in scenario 6A: SubH-SPFH, NPC 
Age band No of dwellings 
HP in each age 
band (1000) 
% Dwellings 
HP in each age 
band 
Useful heat 
HP (TWh) 
% Useful 
heat HP 
Useful heat/ 
dwelling HP 
Before 1900 685.6 23.8% 183.2 38.8% 26.7 
1900 - 1929 160.6 8.7% 3.4 14.8% 23.2 
1930 - 1949 194 5.2% 4.5 9.2% 23.3 
1950 - 1966 292.8 6.5% 4.5 9.3% 15.4 
1967 - 1975 206.6 6.3% 2.9 8.7% 13.9 
1976 - 1982 87.6 5.9% 1.2 8.5% 13.2 
1983 - 1990 88.5 4.6% 1.1 7.5% 13.8 
1991 - 1995 33.8 4.5% 0.4 6.6% 12.8 
1996 - 2002 27.1 2.5% 0.4 4.0% 13.1 
2003 - 2006 48.2 3.9% 0.9 9.2% 17.8 
2007 - 0 
 
0.0 
  
 
1824981 8.0% 37968.6 14.8% 
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8.9.5 Heat pump uptake in relation to the incumbent heating system 
Heat pump uptake by households depends amongst other factors, as it was discussed in section 8.5, 
on the incumbent heating system in each dwelling. Knowing the feasibility possibilities of switching to 
heat pumps from the incumbent heating system is important in order to have a clearer idea of the 
segment in the housing stock that could constitute a plausible market for heat pumps. The incumbent 
system can represent limitations for households when it comes to choosing a new heating system. For 
instance, households in dwellings which are off the gas grid have fewer options and a gas boiler 
therefore is not an alternative for them. Adversely, they would need to choose between an electricity, 
an oil or a biomass-based system and thus they could potentially adopt a heat pump if the economics 
is favourable. The model showed that the highest adoption of heat pumps took place in dwellings 
which were off the gas grid network and specifically dwellings with oil boilers and electric storage 
heaters. Dwellings with air-source heat pumps as an incumbent system, moved to new more efficient 
heat pumps. The useful heat need in the average dwelling with an oil boiler and electric heaters as 
incumbent systems is lower than the useful heat need in dwellings with gas boilers and air-source heat 
pumps as incumbent systems. The need for useful heat Table 8.37 shows the adoption of heat pump 
uptake and the useful heat needed in relation to the incumbent heating system.     
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Table 8.37: Heat pump adoption in relation to the incumbent heating system in scenario 
6A: SubH-SPFH, NPC 
Heating 
system 
No of dwellings HP 
from each original 
heating system 
(1000) 
% dwellings HP 
from each 
original heating 
system 
Useful 
heat HP 
(TWh) 
% 
useful 
heat HP 
Useful 
heat/dwelling 
HP 
Gas standard 
boiler 
390 3.0% 12.6 8.4 32.4 
Gas combi 
boiler 
65 1.5% 2.1 4.4 31.7 
Gas back 
boiler 
16 0.9% 0.9 3.8 56.9 
Oil boiler 861620 97.4% 16.4 99.1 19.0 
Solid fuel 
boiler 
11393 5.6% 0.4 12.4 39.0 
Electric boiler 0 0.0% 0 0.0 0.0 
Electric 
storage 
479916 33.3% 5.5 54.4 11.4 
Electric room 
heater 
0 0.0% 0 0.0 0.0 
Warm air gas 
fired heater 
0 0.0% 0 0.0 0.0 
Warm air 
electric 
heaters 
0 0.0% 0 0.0 0.0 
Community 
district 
heating  
0 0.0% 0 0.0 0.0 
Community 
district 
heating  
0 0.0% 0 0.0 0.0 
Biomass boiler 0 0.0% 0 0.0 0.0 
ASHP 1389 14.7% 0.04 22.4 33.5 
GSHP 0 0.0% 0 0.0 0.0 
 
1825 8.0% 38 14.8 
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8.9.6 Heat pump uptake per dwelling type 
As heat pump units occupy bigger space in a property, than other heating systems, and their 
installation involves an invasive procedure (e.g. drilling), the level of their uptake could depend on the 
type of the property. The Cambridge Housing Model has divided the housing stock in seven categories 
which are shown in Table 8.3 in section 8.3.1. Identifying the segment of the housing stock in which 
heat pumps are better suited and could be therefore more popular amongst households, is essential 
for the development of the market and the design of supportive policy measures. The model showed 
that the highest heat pump uptake took place in detached houses and non-residential buildings. 
Detached houses tend to be older and larger and they require thus higher useful heat. Non-residential 
buildings are also large and have high energy consumption. A very efficient heat pump therefore can 
contribute to lowering energy consumption and energy bills in these two types of buildings in the 
housing stock. The large size of detached houses and non-residential buildings might also be a 
favourable condition for choosing a heat pump. Table 8.38 shows the adoption of heat pumps and the 
useful heat needed per dwelling type.  
 
Table 8.38: Heat pump adoption per dwelling type in scenario 6A: SubH-SPFH, NPC 
 
Dwelling Type No of dwellings HP in 
dwelling type (1000) 
% 
dwellings 
HP in 
each 
dwelling 
type 
Useful heat 
HP (TWh) 
% useful 
heat HP 
Useful 
heat/dwelling 
HP 
Detached 919 18.6 22.0 28.3 23.9 
Semi-detached 442334 6.8 8.6 11.0 19.3 
Mid-terrace  142558 3.3 2.5 5.6 17.3 
End-terrace 136983 5.7 3.0 10.8 21.6 
Flat – purpose built 100691 2.7 1.0 4.3 9.5 
Flat – converted 78177 8.5 1.0 11.3 12.3 
Non residential 4807 17.4 0.1 36.2 28.0 
 
8.9.7 Heat pump uptake in relation to the floor area 
According to the heating system cost model in this thesis, heat pump uptake is influenced by the total 
cost of the heating system. The two main factors that determine the total cost are the capital 
investment and the running cost of each heating alternative, equation 1. The running cost depends on 
the price of the fuel and the useful heat needed in each dwelling. Bigger dwellings would need more 
useful heat than smaller properties and thus the size of a property would influence the heating choice 
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and specifically the heat pump uptake. The capital cost of a heat pump does not increase 
proportionally to its size as table 8.6 shows. This means that while the running cost of a heat pump or 
a boiler, and consequently the energy bills for the household, will be higher for greater properties 
than that for smaller dwellings, the difference between the capital cost of getting a bigger heat pump 
(i.e. a heat pump with higher output in kw) and getting a smaller unit will not be as important as the 
difference between the running cost of a not efficient heat pump and that of a gas boiler, with the 
running cost of the former being much higher given the fact that electricity prices are much higher 
than gas prices. A new highly efficient heat pump though which can lower the energy consumption 
and thus the energy bills can justify the investment in a heat pump especially when the need for useful 
heat is large which is the case for large properties.  
The Cambridge Housing Model does not include data on the dwelling size but on the floor area for 
each property. The floor area therefore is used as a proxy for the dwelling size. The techno-economic 
model showed that the higher heat pump uptake took place in the larger floor areas i.e. in the bigger 
dwellings.  
 
Table 8.39: Heat pump adoption per floor area in scenario 6A: SubH-SPFH, NPC 
 
Floor area 
(m2) 
category 
No of 
dwellings HP in 
floor area 
category 
(1000) 
% dwellings HP 
in each floor 
area category 
Useful heat 
HP (TWh) 
% useful 
heat HP 
Useful 
heat/dwelling 
HP (GWh) 
<50 36 2 0.3 3 8.8 
50-75 208 3 2.0 4 9.8 
75-100 314 4 3.4 5 10.8 
100-125 212 6 2.9 7 13.8 
125-150 190 11 3.5 13 18.4 
150-175 147 14 3.2 18 21.7 
175-200 169 31 4.2 37 24.9 
200-225 151 41 4.0 48 26.5 
225-250 100 42 2.9 50 28.8 
250-1000 297 72 11.5 81 38.7 
>1000 0 0 0 0 
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8.9.8 Discussion  
The modelling exercise under the positive approach has shown the relative effectiveness of the two 
financial policy incentives. The subsidy on the running cost of heat pumps through the RHI payment 
has resulted in higher heat pump uptake than the subsidy on the capital cost. The highest level of 
capital subsidy, 50% for both types of heat pumps, resulted in 3.0 million dwellings adopting air source 
units which is less than the number of dwellings with heat pumps under scenario 3A (Table 8.33) with 
medium RHI (approximately equivalent to the current UK RHI after allowing for the different periods 
over which the subsidy is available), medium efficiency and no policy cost. This resulted in 3.6 million 
dwellings installing heat pumps.  
Even the highest capital subsidy in the model (50%) was not sufficient to reduce the total cost of heat 
pumps to the extent that it would become the universally cheapest heating alternative. This can be 
explained by the fact that heat pumps in the UK have still very high capital costs, higher than those in 
the other countries studied in chapter 7. These countries, as can be seen in the policy analysis chapter 
4, have been implementing a mix of policies and the capital cost subsidy was always part of it. Table 
8.40 shows average prices (capital cost and installation cost) of heat pumps in the countries studied 
in the thesis.  
 
 
Table 8.40: Indicative prices of air-source and ground source heat pumps in European countries 
 
Country Air-source heat pump Ground source heat pump 
United Kingdom £9 000 - £12 000  £18 000 - £21 000 
Sweden £3 500 - £5 000 £12 500 - £15 000 
France £5 800 - £7 000 £12 500 - £16 000 
Finland £4 500 - £6 200 £12 500 - £18 000 
Germany £7 000 - £10 000 £11 000 – £15 000 
Switzerland Data not available  Data not available 
Norway Data not available Data not available 
Source: EHPA, 2016; installers, 2016. See Annex 1 
 
Although RHI type subsidies appear to be more effective, it is important to compare RHI scenarios and 
capital subsidy scenarios that generate that result in the same (or close) heat pump uptake, to test 
cost effectiveness from a public sector perspective. Table 8.41 compares capital cost subsidy scenario 
7, with a very high subsidy, high SPF and no policy cost with analogous RHI scenarios 2A and 4A which 
have low (3p/kWh) and medium (5 p/kWh) subsidies respectively. The heat pump uptake in Scenario 
7 lies within the range of scenarios 2A and 4A. By taking an 85/15 mix of scenarios 2A and 4A, a roughly 
comparable scenario with an implied RHI payment of 3.3 p/kWh and similar heat pump uptake is 
obtained. 
The total cost of the capital cost subsidy needed to incentivise 3m households to adopt heat pumps is 
£17bn. If it is assumed that this is spread over the 15-year lifetime of the boilers being replaced, the 
cost to government would be £1.13bn per year. The annual cost of a 3.3 p/kWh RHI payment would 
be £2.3bn if all boilers were replaced with heat pumps in a single year. This assumes an RHI spread 
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over 20 years. The RHI with the same net present value spread over 7 years would be 6 p/kWh.27 
However, with an RHI, the cost to government will vary over time, building up as more boilers are 
replaced, reaching a steady level as households start to drop off the scheme, before declining when 
all boilers have been replaced and the scheme expires.   
 
Table 8.41: Comparison of scenarios with a similar level of heat pump uptake  
 
No Scenario 
name 
Number of 
Dwellings 
(1000)  
Useful 
heat 
(TWh) 
Purchased 
energy (TWh) 
Subsidy total 
(£bn/year)2 
Subsidy 
description1 
Capital cost subsidy 
7 SubvH-SPFH, 
NPC 
2966 61.0 15.0 17.0 50% 
RHI 
2A RHIL-SPFH, 
NPC 
2453 55.0 14.0 1.7 3p/kWh 
4A RHIM-SPFH, 
NPC 
5964 111.0 28.0 5.6 
 
5p/kWh 
2A/4A blend3 2966 63.7 16.2 2.3 3.3 p/kWh 
Normative 
12 SPFH-SCPM 2955 64.0 16.0 n/a n/a 
Note: 1) The RHI subsidy assumes that it is available for 20 years. The 3.3p/kWh subsidy for 20 years is equivalent to 6p/kWh 
subsidy for 7 years; 2) The RHI annual subsidy assumes that all heating systems switch in a single year; The capital subsidy is 
the total required to switch all heating systems; 3) The 2A/4A blend scenario gives an 85% weight to scenario 2A and a 15% 
weight to scenario 4A. 
 
 
Figure 8.4 shows the time profile of government subsidies associated with a capital subsidy, and two 
types of RHI payment with different periods, all with a similar impact regarding heat pump uptake. 
The net present value of the cost of the capital subsidy at the 3.5% Treasury discount rate is £13bn 
while the net present value of the 7 year RHI would be £20bn and the net present value of the 20 year 
RHI would be £26bn. Thus, in the long-term, the capital subsidy would appear more cost effective 
from the government’s perspective. The reason is that a government with a 3.5 % discount rate 
attaches more significance to future expenditures than does a consumer with a 9% discount rate. This 
implies that early subsidies will be more cost effective. However, there may be many reasons why 
governments might choose differently.  Over the first five years, a capital scheme will be more 
expensive.  
 
27 Using the real consumer discount rate of 9.0% 
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Figure 8.4: Annual public expenditure associated with promoting 3m residential heat pumps 
Note: Capital subsidy of 50% of the heat pump cost; 3.3 p/kWh RHI payment for 20 years; 6.0 p/kwh RHI payment for 7 years 
 
Under the positive approach resulted in a much larger deployment of heat pumps, 1 825 000 to 2 966 
000 with the capital subsidy and 1 438 000 to 1 579 000 with the running cost subsidy under the most 
favourable scenarios than the normative approach, 4 954 similarly under the most favourable 
scenario. The significant heat pump adoption which could take place if such subsidies were to be 
introduced and heat pumps became much more efficient, would have wider implications for the 
electricity capacity growth and prices. In order for the increased demand to be met, a further 
electrification of the energy system would be necessary. Specifically, investment in the generation 
infrastructure and the local distribution network (pipes and wires) would be needed (CCC, 2016). The 
investment cost would be shifted to the consumers through higher retail electricity prices. 
On the other hand, the share of renewables in the energy mix has been increasing. In the UK, for the 
first three quarters of 2019 the output from renewables outpaced that from fossil fuels (BEIS. 2020b). 
Load factor from renewables has been increasing and projections for 2035 suggest that the load factor 
from renewable energy sources can reach 52-23% (DNV-GL, 2019). Higher load factors have led to 
lower generation cost. Studies have shown that increased electricity generation from all renewable 
power generation technologies resulted in lower wholesale and the retail electricity prices, offsetting 
thus the rising  cost at the generation, distribution and sale level caused by the investment in the 
infrastructure, (IRENA 2019; Ziel et al., 2015; Sensfuß et al., 2008; Saenz de Miera et al., 2008). For the 
UK, the cost of renewables has been reduced significantly because of the increased offshore wind 
energy from offshores farms in the North Sea (Carbon Brief, 2019; CCC, 2019b). Offshore are more 
efficient and have much greater load factor than onshore wind turbines because they are higher, the 
wind is stronger and more consistent in speed and direction and they can harvest thus wind power at 
a greater degree than onshore turbines (AGI, 2020). Economies of scale and the competitive market 
of wind turbines and photovoltaics have been contributing to lower electricity production cost from 
renewables (EWEA, 2009; IRENA, 2012). For dwellings that are on the gas grid network the problem 
of electricity capacity could be addressed by installing hybrid heat pumps (CCC, 2019b). 
A rapid deployment of heat pumps supported by Government subsidies could have fiscal implications. 
Government subsidies towards renewable technologies like heat pumps represent a significant public 
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expenditure which could have a different impact on the welfare of households with different 
socioeconomic characteristics. These fiscal implications could be remedied if electricity prices were to 
fall as described above. In the case of lower electricity prices, the level of subsidies would not need to 
be very high in order to stimulate the demand for heat pumps and thus subsidies would constitute a 
less significant burden for the Government and the tax payers. Additionally, a strong supply chain in 
the market along with economies of scale could bring the high capital costs of heat pumps down, 
enabling therefore a larger number of households to install them without a significant financial help 
from the Government.     
As heat pumps have been recommended to the Government by the independent body the Committee 
on Climate Change (CCC, 2015), it is important to evaluate their contribution with regard to CO2 
emissions reduction subject to their market penetration. In the normative approach, the CO2 
emissions generated by heat pumps where on average across all scenarios, 1 mt/year while gas boilers 
were responsible for 48-50 mt/year. These low levels of CO2 emissions from heat pumps took place 
even at the scenarios with medium heat pump efficiency. In order to have a clearer idea of the carbon 
footprint of heat pumps versus that of the main competitive heating system i.e. the gas boiler, these 
numbers need to be compared with the results from the scenarios under the positive perspective 
(both the RHI and the capital subsidy) where heat pump uptake is significantly higher. The carbon 
footprint of a heating system is evaluated based on the carbon intensity of its useful heat output 
(gCO2/kWh of useful heat) and not based on the carbon intensity of the purchased energy because 
some systems are more efficient than others and thus they require less purchased energy to generate 
the same useful heat. Therefore, in order to assess the carbon footprint of gas boilers and heat pumps, 
CO2 emissions generated from these two systems for a given useful heat output will be compared.  
The fuel and electricity carbon intensities from Tables 8.9 and 8.14 can be linked to the boiler 
efficiencies and heat pump SPFs in Table 8.8. From these, it is evident that a modern gas fired boiler 
at 90% efficiency gives rise to emissions of 225 gCO2/kWh of useful heat supplied, while a heat pump 
with an SPF of 4, with a central electricity carbon intensity of 100 gCO2/kWh, will give rise to emissions 
of 25 gCO2/kWh. This could fall to 12.5 gCO2/kWh in a low carbon intensity scenario. CO2 savings are 
therefore likely to be around 90% or more when there is a switch from gas-fired boilers to heat pumps. 
Table 8.33 shows that a 50% capital subsidy for heat pumps, and a 3.3 p/kWh RHI spread over 20 years 
(6.0 p/kWh over 7 years), would result in heat pump take up similar to the optimal level from a 
normative perspective with a medium carbon price of £78/tonne of CO2 in 2030. 
The disaggregation of the housing stock, under the most favourable positive capital subsidy scenario, 
6A: SubH-SPFH, NPC, gave the opportunity to consider different market segments. Subject to data 
availability from the Cambridge Housing Model, it was feasible to gain insights into heat pump 
adoption in different types of dwellings regarding age, size, type and incumbent heating system. This 
level of detail showed that the highest heat pump uptake took place in the oldest dwellings, largest 
detached dwellings with oil boilers and electric heaters as incumbent systems. The Cambridge Housing 
Model does not include data on the income of the households or the area of the dwellings i.e. urban, 
suburban or rural and therefore a further disaggregation with this model vis-à-vis these aspects was 
not feasible. Large and detached dwellings with oil boilers or electric heaters though could be assumed 
to be found in more rural or suburban areas and not be connected to the gas grid network. This 
conclusion in conjunction with the high public expenditure from potential subsidies could inform 
policy makers as to which segment of the housing stock to prioritise in terms of providing households 
with financial help in order to overcome barrier of the high investment costs associated with heat 
pump adoption.  
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8.10 Conclusions  
This section presents the conclusions reached by the analysis of the model results and gives insights 
into the limitations of the model, mainly in relation to the lack of the dynamic process regarding the 
adoption of heat pumps.   
8.10.1 Conclusions based on the model results 
This chapter has described a bottom-up techno-economic model that has been designed and applied 
for the residential heating sector in England and Wales. It is a heating system cost minimisation model 
that identifies the cheapest heating alternative for all types of dwelling in the housing stock.  
It has been designed in a flexible way that can perform under two different approaches: the normative 
and the positive. Under the normative perspective the model identifies the level of heat pump uptake 
that would benefit society. Sensitivity analysis was performed to assess which factors, efficiency of 
heat pumps, shadow carbon price, the climate policy cost on energy prices (with electricity bearing 
the largest part of it), energy prices and the carbon intensity of electricity, have the highest impact on 
heat pump uptake. The sensitivity analysis showed that the efficiency (SPF), the carbon price and the 
climate policy cost were responsible for the largest changes.  
The normative perspective was applied by varying these three variables. An increase in heat pump 
uptake in relation to the current situation showed that heat pumps make economic sense for the 
Government to invest in. The Treasury discount rate was included in the model to reflect the 
Government’s project appraisal practice. The most favourable scenario was the one where SPF and 
the carbon price had the highest value and there was no climate policy cost on energy prices. The 
efficiency of the heat pump and the climate policy cost were found to be the key drivers contributing 
to the largest heat pump uptake by households.  
The next stage was to apply the positive perspective, to see how much heat pump uptake would take 
place from the consumer’s point of view. There was no carbon price included in the scenarios, the 
commercial interest rate, at which individuals borrow money, was included as well as two different 
supportive policy mechanisms, a capital cost subsidy and a running cost subsidy, equivalent to the one 
currently used in the UK.   
In order to interpret these results, we need to compare them with those from the normative 
perspective scenarios. The most favourable scenario in the normative perspective, scenario 11 (SPF 
high, carbon price high and no policy cost on energy prices), resulted in heat pump uptake by 4.9 
million households. The only scenario from the positive perspective that matches this level of uptake 
is the RHI medium scenario with high SPF and no climate policy cost on energy prices. 
The least favourable scenarios in the normative perspective, the ones with medium shadow carbon 
price and medium SPF (scenarios 8, 9, 10) showed similar level of heat pump penetration with that 
under the scenarios with low and medium RHI values and medium SPF (scenarios 1, 1A, 2, 2A, 3, 3A) 
in the positive perspective. The most favourable scenarios in the normative perspective, the ones with 
high SPF and high shadow carbon price and no climate policy cost (scenarios 11 and 12) showed lower 
heat pump penetration than the following scenarios in the positive perspective with the RHI policy 
incentive: 1, 1A, 2, 2A, 3, 3A and 4.  
The RHI level which is currently in effect in the UK, modelled as RHIBASE resulted in much higher 
penetration than in all of the scenarios in the normative perspective. RHIBASE has resulted in higher 
heat pump uptake than the actual heat pump uptake that takes place currently, i.e. the heat pump 
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uptake by 12 000 dwellings as it is shown in the base situation in Section 8.6.1, Table 8.17. The uptake 
is particularly high under scenarios 8 and 8A where the SPF is high. There is also no climate policy cost 
on energy prices for scenario 8A. There is a gap therefore between what the model shows that should 
happen with the current RHI subsidy level, and what actually happens in real life. This can be explained 
by the fact that the model assumes rational consumers who have perfect information and can make 
economically rational decisions within an environment of mature supply chains. As this is not the case 
in real life, the model outcome, when currently implemented policies, i.e. the RHI are simulated, is 
much more optimistic with respect to heat pump uptake than the actual heat pump penetration in 
the market.      
The heating system cost model has revealed which factors can contribute to a significant increase in 
heat pump penetration as well as the role of heat pumps in the decarbonisation of the energy system.  
Amongst the technical and the scenario assumptions in the model, the efficiency of heat pumps and 
the climate policy costs imposed on energy prices (the greatest part included in the electricity prices) 
play the most important role in heat pump adoption by households. Removing the policy cost from 
electricity resulted in lower running costs for heat pumps and consequently heat pumps becoming a 
cheaper option for households. At the same time, higher efficiency results in lower purchased energy 
to produce the same useful heat needed in a dwelling. Therefore, highly efficient systems are more 
cost - effective than those which perform poorly. An SPF of 4 has shown an increase in the number of 
dwellings adopting heat pumps compared to heat pumps with 3 and 3.5 seasonal performance factors. 
The carbon intensity of electricity did not seem to cause a substantial change in heat pump uptake. 
The types of dwellings that would be more suitable for heat pumps are old large detached houses 
using oil boilers and electric heaters and less so flats. However, the modelling of the RHI policy 
incentive showed an increase in the number of flats that adopted heat pumps in comparison with 
those under the normative perspective scenarios.  
The model showed that the RHI policy is more effective in heat pump uptake than a capital cost 
subsidy. Testing four different levels of RHI payment, including the one that is currently implemented, 
resulted in a higher number of dwellings with heat pumps than under the highest level of capital 
subsidy (50%) that could potentially be implemented, considering that a subsidy higher than 50% of 
the capital cost of a heat pump is not likely to be introduced by the Government. However, when 
comparing different forms of subsidy on a like for like basis, leading to the same take-up of heat 
pumps, capital subsidies appeared to be more cost effective from the government perspective in the 
long-term.  
Regarding the environmental performance of heat pumps and gas boilers, the results showed that 
heat pumps can contribute significantly to reducing CO2 emissions from the residential heating sector, 
especially when they are highly efficient.  
 
8.10.2 Limitations of the model  
The techno-economic model in this thesis, looked at the heat pump adoption from the economics of 
the consumer perspective and covered only the demand side of the market in a static way. The model 
showed that under favouring conditions like lower electricity prices, higher heat pump efficiency and 
subsidies, heat pump uptake would increase. The market though should be able to meet this 
Increasing demand for heat pumps. Useful insights with regard to the capacity of the market to meet 
 166 
 
consumer demand, could be achieved by adopting a more dynamic perspective and looking at the 
supply side of the market. 
As it was shown in chapters 4 and 5, information campaigns are important for households to switch 
form conventional systems to renewable alternatives. The UK has been lagging behind in information 
policies, energy audit and advisory centres for consumers, something that has resulted in a slower 
heat pump adoption in relation to the other seven countries. If the techno-economic model could be 
designed in a way that could include stronger and more consistent information patterns and could 
assess therefore their effect on the rate of heat pump adoption, there could be a clearer and more 
comprehensive picture of heat pump uptake at a larger scale. This would involve firstly the effective 
design and the implementation of information campaigns and policies from the Government, utility 
companies and advisory centres for a certain period of time and secondly research (applying  for 
instance stated or revealed preference techniques) on the role of information on consumers’ choice 
for heating systems. A techno-economic model could then incorporate the results and information 
from these studies and builds on the knowledge and the experience from the past in order to project 
and forecast the effect of information on the future heat pump uptake.   
A second element that should be part of a dynamic modelling process in studying the rate of heat 
pump adoption, is the improvement of the efficiency standards in buildings. As it was highlighted in 
chapter 2, poor insulation in the UK housing stock does not favour heat pump adoption, though this 
was not emerged from the static model in this thesis. A dynamic model on the other hand should be 
able to capture potential future improvements in the housing stock that could reduce heat loss and 
energy consumption and thus make heat pumps more attractive to consumers.  
The third element that is important in heart pump adoption and could be captured in a dynamic model 
is the supply chain. Availability of different types and sizes of heat pumps and access to nearby 
installers is essential for the diffusion of a new technology. The existence of a mature supply chain is 
important not only for sales but more importantly for the after sales service and advice that well-
trained installers can provide to their customers. In the UK where heat pumps are currently only 
imported and not manufactured, building a strong supply chain can take a long time due to the fact 
that there is no direct link and close collaboration with the manufacturers. The creation of a well-
developed network amongst all streams of the market is a long and slow process and its effect on heat 
pump uptake cannot be measured and quantified immediately. A dynamic model therefore that can 
capture these long-term changes would be beneficial and could give valuable insights regarding heat 
pump adoption by households in the UK.  
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CHAPTER NINE: CONCLUSIONS  
9.1 Introduction  
This thesis looked at the demand for heating systems in the residential sector in England and Wales, 
focusing on heat pumps. The experience of seven countries in Europe, which were chosen as examples 
of well-developed markets and comprehensive strategies regarding the adoption of renewable 
technologies, were first reviewed. 
The research was conducted in three stages. The first stage constituted a review and analysis of 
relevant literature and policy. The second and third stages were dedicated to the design and 
implementation of two different models which formed the quantitative part of the thesis. 
In the literature review, a description and critical assessment of studies of the factors that influence 
consumer demand for innovative heating technologies, and the methodologies used was conducted. 
Researchers have used mainly stated preference methods to collect data regarding consumers’ 
preferences on heating systems and what matters for their choice. By using surveys and 
questionnaires for one country, or for certain regions within a country, researchers were able to obtain 
information which could not have been found in statistical databases.  
This information concerned the characteristics of dwellings, the characteristics of the heating systems 
households currently use, the importance householders attach to the capital and the running  costs 
of heating systems, the level of comfort they require, their familiarity with different technologies in 
the market, the importance attached to social pressure from friends and family, and their personal 
values and attitudes vis-à-vis environmental protection, climate change and energy conservation.  
Generally, information about the sociodemographic background (income, age, education level) of at 
least one member of the household was also included in the studies. Finally, researchers asked 
respondents to state how important supportive policy incentives, mainly subsidies on the capital and 
the running cost of heating systems, were in their decision to choose a specific heating system. The 
largest part of published research addresses the situations in Norway, Sweden, Finland and Germany.  
The literature revealed that households’ main concerns are the economics of heating systems, 
including the capital and running costs. Household income was positively correlated with households’ 
choice of heating system. Younger and better educated people were more likely to adopt an 
innovative technology. Environmental concerns were found to be important in the Netherlands, 
Norway and Germany. Regarding the type of dwelling, heat pumps were purchased mainly by 
householders living in large detached houses. The role of policy was found to be significant in some 
studies. In others, it was concluded that households were not motivated to adopt an innovative 
technology by available financial incentive due to the lack of mature supply chains and uncertainty 
about the performance of the heating system.  
The stated preferences method has two weaknesses: the first is the limited sample of respondents, 
usually from an area within a country, and the second is related to the risk that respondents will not 
state what they actually think or would do, but what they think the researcher wants to hear or what 
they think sounds more socially driven and accepted.  
9.2 Methodology  
Having identified the factors that have influenced demand for heating systems in general and for heat 
pumps in particular in different countries, an econometric model was applied to a panel of countries: 
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Austria, Finland, France, Germany, Sweden, Switzerland and the United Kingdom. A revealed 
preference method was followed using actual annual sales of heat pumps in each country. Applying 
panel data analysis allowed the factors that have been influencing demand for heat pumps in a set of 
countries to be identified in a comprehensive way, covering all households within a country or region.  
The countries were chosen based on the level of heat pump penetration in the residential sector over 
the last 41 years. Within the panel, similarities and differences with respect to market size, climatic 
conditions and the fuel mix can be found. Norway, Sweden and Finland are small countries, with very 
cold winters with low natural gas consumption, especially Norway and Finland. Germany and France 
are heavily populated, with a cold climate and a much more significant gas penetration in the energy 
mix. Switzerland and Austria are similar to Sweden in terms of population size, similar to France and 
Germany climate wise. The natural gas share in the energy mix in the residential sector is much higher 
than in the first group of countries and about 30% that of France and Germany.  
The fact that the countries in the sample can be grouped into three categories in terms of population 
size climate conditions and energy practices has provided valuable insights for the research. The UK 
bears similarities and differences with all three groups. It is a big country similar to France, has very 
high natural gas use for residential heating (the highest out of all seven countries), and has less 
extreme cold weather unlike the central European and Northern European countries.  
The significance of all these three factors for the demand for heat pumps, was estimated with the 
econometric model. The role of three different policies, financial, Informative and legislative, was also 
explored in the model following the findings from the literature review regarding the importance of 
the capital cost on consumers’ choice for heating system, and the barriers due to lack of information 
and the lack of a favourable institutional framework (e.g. strict energy efficiency standards in 
buildings), for all eight countries. 
The international experience fed into the next stage of the thesis in which a bottom-up techno-
economic heating system cost model was designed for the existing housing stock in England and 
Wales. The bottom-up model in this thesis calculates the heat pump uptake in the whole existing 
housing stock between 2011 and 2030, when all heating systems will have reached the end of their 
lifetime and households will need to replace them. The decision with respect to the heating system 
that will replace the retired one is based on the model identification of the cheapest heating 
alternative.  
The factors that have been included in the model are the efficiency of the system, the capital cost, the 
running cost, the service cost, the discount rate, the carbon price, the energy intensity of electricity, 
the CO2 emissions associated with the fuel used by each heating system, the purchased energy needed 
to generate a certain amount of useful heat for different dwellings, and two types of supportive policy 
mechanisms. These are: a subsidy on the capital cost of heat pumps and a subsidy on the running cost. 
The running cost subsidy is a mechanism equivalent to the RHI, the policy currently used in the UK.  
Two perspectives were taken using the bottom-up model: the normative approach looked at the 
adoption of heat pumps from the societal point of view and the positive which explores the topic from 
the consumer’s perspective. The cheapest heating option according to the first perspective was 
identified using the Treasury discount rate and including the social cost of carbon. In the positive 
perspective, the cheapest option is found by using the commercial interest rate, without considering 
a carbon price. In the positive perspective the two policy mechanisms are included in order to assess 
their effectiveness regarding heat pump adoption by households in England and Wales.  
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The combination of the two models aims to answer the research questions and fill the knowledge 
gaps, especially for the UK.  
9.3 Findings 
The econometric model answered the first question of the thesis: 
Question 1: which circumstances (i.e. macroeconomic factors, sociodemographic factors, 
environmental aspects, climatic conditions and policies) led to a mass deployment of heat pumps in 
other countries? 
The econometric model identified the macroeconomic and sociodemographic factors, environmental 
aspects, climatic conditions and policies that led to the mass deployment of heat pumps in other 
European countries.  
The econometric model revealed that natural gas prices had a positive and significant effect on heat 
pump sales in all countries except Finland where gas consumption is very low. Gas prices had the 
highest impact on heat pump sales in the UK and Germany where gas consumption is high. The share 
of natural gas consumption in the residential sector was found to be negatively correlated with heat 
pump sales, showing that a household’s intention may be influenced by the level of development of 
gas supply infrastructure. The strongest effect was in the UK, a country in which 80% to 90% of 
dwellings currently use gas boilers for space and water heating.  
The electricity price was negatively correlated with heat pump sales in all the specifications of the 
model, but it did not have as large effect as the gas price. 
The role of consumer expenditure was not clear since the sign and significance were not consistent 
across the different specifications of the model. The correlation between consumer expenditure and 
the demand for heat pumps became positive and statistically significant with the introduction of the 
public policies to support heat pump deployment. 
The introduction of supporting policies of a financial, informative or legislative nature increased heat 
pump sales with a statistically significant effect in all countries except Switzerland. This supports 
findings from the literature that heat pump sales in Switzerland would have increased even in the 
absence of financial supportive measures.  
The econometric model showed that policy packages combining the three different types of policy, 
were particularly effective. The cases of Austria and Finland, both having mature heat pump markets, 
are particularly interesting with regard to the role of policies on the demand for heat pumps. Both 
countries initially introduced informative and legislative measures to tackle institutional and 
knowledge barriers to create an overall favourable framework for the introduction of heat pumps. 
Financial incentives were introduced later, aiming to boost the market further and motivate late 
adopters. In Finland, in the first year of capital subsidies being introduced, heat pump sales doubled 
and they have increased annually ever since. 
All countries except for the UK, which uses a running cost subsidy, have implemented a capital subsidy. 
The level of the capital subsidy in the seven countries has changed over time, starting from a high 
fraction of the capital cost (usually 40%, or even 50%) and dropping (to 20% or 15%) once the 
technology was well established in the market. Capital subsidies have been completely withdrawn in 
Switzerland. Some countries, such as Finland, have the kept the subsidy even after sales showed a 
solidly increasing trend. 
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The bottom-up techno-economic model answered the last three questions about heat pump uptake 
in the UK. 
Question 2: what, from a normative point of view, is the optimum level of heat pump adoption to 
benefit society. Under this perspective consumers would adopt heat pumps without any supportive 
policies (e.g. subsidies).  
The techno-economic model showed that heat pump efficiency, the assumed shadow carbon price 
and the inclusion or not of climate policy costs in the electricity price were the factors with the highest 
impact on heat pump uptake. The difference between the level of heat pump adoption in 2011 and 
the ideal level in 2030 is huge, 12,000 dwellings in 2011 v. 4.9 million in 2030. The second finding here 
is that the greatest potential for heat pumps in the UK is in larger houses. Large houses have higher 
heating requirements and thus higher annual energy consumption. Larger houses are responsible for 
a significant share of CO2 emissions. Installing heat pumps in detached, semi-detached and terrace 
houses could therefore make a significant contribution towards decarbonising heat, reducing 
emissions and achieving national emissions reduction targets.     
Question 3: what policy incentives, from a positive perspective and drawing from the international 
experience in terms of heat pump adoption, would result in a viable mass-market deployment of heat 
pumps in the UK?  Policies that align the public and private incentives are considered taking into 
account, for example, the role of the discount rate, i.e. national interest v. consumers (private) 
interest.  
Question 4: what are the consequences and the trade-offs from taking different policy approaches? 
This addresses the amount of money (the sum of subsidies) the government would have to spend to 
encourage heat pump uptake, the effectiveness of different policies in reducing emissions, and the 
advantages and disadvantages of different types of policies.   
The bottom-up model was used to identify policies that could result in the mass-market deployment 
of heat pumps in the UK. A generous RHI type running cost subsidy resulted in a higher number of 
dwellings with heat pumps than under a high level of capital subsidy (50%). The effectiveness of the 
two policies though, should also be evaluated in terms of public expenditure implications. If we 
compare an RHI scenario with a capital subsidy scenario that result in the same heat pump uptake by 
households, the net present value of the cost of an RHI type mechanism is higher than that for a capital 
cost subsidy. The longer the period over which the RHI subsidy is provided, the higher is the long-run 
cost, even if the subsidy itself is adjusted downwards to compensate. However, the public expenditure 
cost of a capital subsidy is higher in the short-term. This might persuade a Government to favour an 
RHI-types subsidy in anticipation of capital costs going down.   
The equivalent to the current level of RHI in the model showed a heat pump uptake between 2m and 
6m dwellings, depending on the seasonal performance factor of the system and the imposition or not 
of the climate policy cost on energy prices. The current number of heat pumps installed in England 
and wales is 12 000. There is a huge gap between the real world and the modelling outcome. That 
could be explained by the fact that the model assumes that consumers are rational agents, have 
perfect information and the markets function well due to mature supply chains. The econometric 
model and the literature review has shown that there are market failures that cannot be corrected 
solely with financial incentives.  
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9.4 Policy recommendations  
The findings from the literature review combined with the modelling insights provide strong 
indications for policy which could correct market failures and incentivise more consumers to adopt 
heat pumps.  
Firstly, a comprehensive package of measures is needed. While financial incentives have been 
identified across the literature review and market studies as being necessary to stimulate demand for 
heat pumps, on their own they are not sufficient to motivate consumers to switch from a conventional 
heating system. 
Countries like Austria, Finland, Sweden and Switzerland started by investing in research and 
development and setting testing facilities to improve the technical performance of heat pumps. In 
these countries, poorly performing heat pumps were withdrawn from the market in order to gain 
consumers’ trust, both in the technology and in manufacturers. Testing facilities were set up to assess 
the performance of new products before they reached the market. Testing facilities and research 
centres were established mainly in countries that manufacture heat pumps, Sweden, Switzerland and 
lately Finland. The Committee on Climate Change has identified the need to strengthen consumers’ 
trust in installers and manufacturers in order to increase the demand for heat pumps and to create a 
reliable and sustainable supply chain (CCC, 2016).  
Once the technology was considered reliable and able to compete in the market with established 
heating systems with which consumers were more familiar, a second barrier was tackled, namely the 
lack of information regarding the existence of heat pumps and their efficiency. Consumers need advice 
and information about the efficiency of heat pumps, their suitability for their homes and the benefits 
with respect to their energy bills, improving local air quality and tackling climate change. This was 
achieved through information campaigns run by local advisory centres. These have been used to 
perform energy audits at individual dwellings in order to inform households about their energy 
consumption, and potential solutions to reduce it. Institutional changes helped build supply chains 
through local and regional networks. People could access installers with trained personnel to offer 
advice and technical support. Manufacturers and installers also participated in information 
campaigns. For the UK, the Committee on Climate Change has recommended that information and 
certification about heat pumps should be accessible and visible by consumers and installers should be 
knowledgeable in order to be trusted by the public (CCC, 2016). 
In all of the countries studied here, except the UK, financial measures were introduced soon after the 
technological improvements took place. Seven countries introduced capital cost subsidies the level of 
which was subsequently adjusted. This served two purposes: the first was to monitor how important 
the subsidy was to consumers; the second was to control public expenditure with regard to heat pump 
uptake, so that unnecessary funds would not be spent. In countries like Sweden and Germany, energy 
utilities also subsidised the running cost of heat pumps for a certain period. In general, in the countries 
where demand for heat pumps took off, the Government, utility companies and local installers 
coordinated their actions. Subsidies in some countries were withdrawn after the market took off while 
in others, subsidies remained but at lower levels. Since the UK came to the heat pump market later 
than the other countries, and given the fact that heat pumps are imported into the UK, the UK could 
pass to the next phase of information campaigns and institutional change. Advice from local energy 
advice centres, equivalent to training and information facilities in other countries, could break 
consumer prejudice and make them aware of the existence of heat pumps and of their advantages in 
comparison to conventional heating systems. 
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In the UK, institutional and information policies were not given attention and thus a favourable 
environment did not emerge. Instead, a running cost incentive (the RHI) was launched in 2014 without 
the necessary institutional foundations. The UK provides a good illustration of the fact that subsidies 
alone cannot stimulate demand or develop the supply side of the market. The RHI subsidy, as shown 
by the bottom-up model, has not delivered heat pump take-up to socially optimal levels.  
A different financial policy orientation could thus be taken. A capital cost subsidy could be introduced. 
This would not only appeal to consumers, but it would also be cost-effective from a long-term public 
expenditure perspective. The Committee on Climate Change in its study regarding the UK heat policy 
identifies the financial incentives that could incentivise households to adopt heat pumps. Specifically, 
the study argues that tax rebates on energy efficiency works in buildings, grant schemes to lower the 
capital cost of heating systems and supplier obligations to contribute to improve energy efficiency in 
buildings through contact with consumers or contracts with energy efficiency companies, local 
authorities and installers, could encourage households to adopt low carbon technologies (CCC, 2016). 
Ireland for instance has established the Better Energy Homes grant scheme which has been cost-
effective and it could also generate health benefits like in the case of New Zealand with the Warm Up 
New Zealand scheme (DCCAE, 2020; Grimes, 2012). The Scottish Government has put in place social 
finance to help widen the uptake to less-wealthy households. However, a capital subsidy alone, 
especially if it is not at high level (different levels of capital subsidies used in the technoeconomic 
model are shown in section 8.6.4) might still not be sufficient to stimulate demand for heat pumps. 
The Committee on Climate Change highlights the importance of access to capital through low-cost 
loans and preferential-rate mortgages (CCC, 2016). Examples of such schemes in Estonia resulted in 
39% cuts in energy consumption while households under Japan’s Flat 35 mortgage scheme consume 
75% of the energy consumed in the average Japanese dwelling (ACE, 2013). 
Improving the housing stock is crucial for the successful uptake of the heat pump market. The 
Committee on Climate Change recommends that building standards should be tightened, making sure 
for instance that new buildings are low carbon and should be implemented in a way that facilitates 
competitive market to develop on a level playing field (CCC, 2016). Such an institutional environment 
would enable consumers and suppliers to overcome barriers that hindrance heat pump adoption. 
Households at the same time, could be incentivised to undergo energy efficiency improvements 
through tax rebates. France for instance, has introduced tax rebates, through the France's Crédit 
d’Impôt Développement Durable (CIDD) scheme,  in order to stimulate the uptake of energy efficiency 
works by households who would not have otherwise paid for energy efficiency improvements in the 
absence of such scheme (Nauleau, 2014). 
A further, more radical approach, would be to cover the policy costs of support for renewable energy 
and energy efficiency through general taxation rather than energy prices. The burden follows mainly 
on electricity prices at the moment, acting as a big obstacle to the adoption of electric technologies, 
including heat pumps. This policy approach would also bring benefits in terms of the wider 
electrification of energy demand, a necessary part of reducing CO2 emissions and meeting emission 
targets. Newbery (2015) argues that:  
“It thus follows that the revenue needed to finance renewables and other public goods should come 
from general taxation raised in the least distorting ways consistent with distributional objectives –
either through income taxes or a uniform rate of VAT, and not by selectively charging single products 
like electricity”. 
 The General Municipal Boilermakers (GMB) union has also called for renewable energy subsidies to 
be paid through general taxation (GMB, 2019). This proposed action though opens the debate about 
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welfare loss amongst taxpayers and how could this be balanced while tackling climate change through 
the electrification of the energy system. The impact of subsidies on the welfare has been discussed in 
the literature (Stern, 2007; Johansson et al., 2016; Helgesen and Tomasgard, 2017; Johansson and 
Kristrom, 2019). 
 
9.5 Further research and knowledge gaps 
This thesis explored the role of different factors on the demand for heat pumps in the UK and other 
European countries. The impact of macroeconomic, sociodemographic, environmental factors and 
policies was estimated with two different models. Data and time constraints prevented exhaustive 
research in the subject and thus a number of areas for further research can be identified.  
Macroeconomic factors   
The capital cost of heat pumps and the competing heating systems were not included in the demand 
model in Chapter 7. The model suffers from omitted variables bias. Being able to add the capital cost 
would improve the robustness of the model by improving the efficiency and the consistency of the 
coefficients. The comparison between the significance of the capital and the running cost on 
consumers’ demand for heat pumps and knowing the relative importance of the two factors, would 
enable us to inform policy making. 
Enhanced techno-economic modelling  
The techno-economic model used in this thesis was used in both a normative and positive mode and 
was used to assess and compare a range of different policy interventions, drawing on insights from 
the econometric modelling and the literature review.  However, given the time available, only a simple 
static model comparing snapshot years was developed. The model built in this thesis is static and only  
covered  the existing housing stock. It was therefore beyond the scope of this thesis to bring a dynamic 
approach based on future changes like the CIMS model for instance. The model could be enhanced to 
assess policy interventions within a dynamic framework allowing for the turnover of both the housing 
stock and heating systems. It could be enhanced to a dynamic version in which it could incorporate 
the selection of heating system for new build housing.  
A further limitation is that new heating systems were assumed to meet an unchanged level of useful 
heat demand at the household level. The model could be extended to include investments in energy 
efficiency alongside investments in heating systems. This model does not look at potential efficiency 
changes. This is a potential knowledge gap for further research.  
The detailed nature of the input from the Cambridge Housing Model makes this viable in principle.  
The supply side which would affect electricity prices is not looked at in this model. This model is a 
demand side model. However, varying electricity prices were tested in the model and did not make 
much difference. Capacity supply related issues, i.e. will there be enough capacity to supply dwellings 
using heat pumps with electricity, could be part of further research. For instance, the decreasing price 
of renewables can contribute to their having a bigger part in the energy mix and thus electricity 
production and supply from clean sources could balance the demand which will emerge from the 
increased number of heat pumps being sold and used.   
Sociodemographic factors 
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Neither the econometric nor the techno-economic model explored the role that age and education 
might have on consumers’ choice for heating systems. The only sociodemographic factor that was 
looked in the thesis was final consumer expenditure, the role of which was not entirely clear. Having 
a better understanding of the way that these three factors can affect demand for heat pumps, could 
facilitate the design of financial and information policies by addressing specific financial barriers and 
communicating information in a way that can be assimilated by a wide range of individuals.  
Personal values and attitudes 
To what level environmental values and concerns could shape demand for heat pumps was not 
assessed at all in either of the two models. Environmental values and the extent to which these shape 
and influence consumers’ choice for heating systems were looked at in the literature. The studies, 
reviewed here, revealed that households in Germany, Norway and the Netherlands, when asked how 
much they valued environmental protection and quality, they responded that environmental 
awareness and willingness to tackle climate change by using technologies that work with clean energy 
affected their decision regarding heating systems. On the other hand, households in countries like the 
United Kingdom (Scarpa and Willis, 2010) and Finland (Mahapatra and Gustavsson, 2008; Kasanen and 
Lakshmanan, 1989) were primarily influenced by the capital and the running costs associated with 
each heating alternative. Households who were interviewed in Norway (Nyrud et al., 2008; Sopha and 
Klockner, 2011; Lillemo et al., 2013), Germany (Woersdorfer and Kaus, 2011; Michelsen and Madlener, 
2016) and the Netherlands (Jaeger, 2006) stated that they considered environmental protection and 
quality, amongst other factors, as important aspects when contemplating of installing a new heating 
system. Based on these findings from the literature review it could be argued that households in 
different countries make choices based on different benefits and aspects of heating systems. 
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